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ABSTRACT 

This paper studies the properties of kiloparsec-scale clumps in star-forming galaxies (SFGs) 
at zr^2 through multi-wavelength broad band photometry. A sample of 40 clumps is identified 
from HST/ACS z-band images through auto-detection and visual inspection from 10 galaxies 
with 1.5<z< 2.5 in the Hubble Ultra Deep Field (HUDF), where deep and high-resolution 
HSTAVFC3 and ACS images enable us to resolve structures of z~2 galaxies down to kiloparsec 
(kpc) scale in the rest-frame UV and optical bands and to detect clumps toward the faint end. 
The physical properties of clumps are measured through fitting spatially resolved seven-band 
(BVizYJH) spectral energy distribution (SED) to models. On average, the clumps are blue 
and have similar median rest-frame UV-optical color as the diffuse components of their host 
galaxies, but the clumps have large scatter in their colors. Although the SFR-stellar mass 
relation of galaxies is dominated by the diffuse components, clumps emerge as regions with 
enhanced specific star formation rates (SSFRs), contributing individually -^10% and together 
~50% of the star formation rate (SFR) of the host galaxies. However, the contributions of 
clumps to the rest-frame UV/optical luminosity and stellar mass are smaller, typically a few 
percent individually and ~20% together. On average, clumps are younger by 0.2 dex and 
denser by a factor of eight than diffuse components. Clump properties have obvious radial 
variations in the sense that central clumps are redder, older, more extincted, denser, and less 
active on forming stars than outskirt clumps. Our results are broadly consistent with a widely 
held view that clumps are formed through gravitational instability in gas-rich turbulent disks 
and would eventually migrate toward galactic centers and coalesce into bulges. Roughly 40% 
of the galaxies in our sample contain a massive clump that could be identified as a proto-bulge, 
which seems qualitatively consistent with such a bulge-formation scenario. 



1. Introduction 



Understanding when and how the Hubble sequence observed today was formed remains an unsolved 
problem in astronomy. To answer it requires tracking the evolution of galaxy morphology and kinematics 
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back to high redshift. Thanks to the emergence of faciUties with deep sensitivity and high resolution, e.g., 
HST/ACS, NICMOS and WFC3, galaxy morphology and structure now can be r esolved into kpc scale, al- 



lowing a study on the properties of su b-structures at redshift of 2 or higher (e.g.. Ehnegreen & Elmegreen 



2OO5I : lEhnegreen et allboOTl boOQal lbl: Icargiulo etaPboill : Iguo et allEoill : Iszomoru et allboilb . An in- 



teresting population of galaxies at z~2, the peak of cosmic star formation activity, is star-forming galax- 



tributes a large fraction of the cosmic SFR and stellar mass density at the epoch (e.g.. 


Daddi et al. 


2007; 


Grazian et al. 


2007; 


Reddv et al. 


2008; 


Lv et al. 


2011; 


Rodighiero et al. 


2011; 


Quo et al. 


2012 


). In contrast 



to passively-evolving galaxies at z^2, which have spheroid-like and compact morpho logy (e.g. JPaddi et al. 



20051 ; iTruiillo et al.ll200d 120071 ; Ivan Dokkum et al. 



2008L I2OIOI ; ICassata et al.ll2010h . SFGs exhibit a wide 



diversity on their morphology, from smooth disk-like structure to irre gular or merger-like structure (e.g., 
Conselice et al.ll2004l l2008l ; iLotz et al.ll2006l ; iRavindranath et al.ll2006r) . A common and unique feature of 
SFGs at z ~2 is the existence of giant kpc-scale clumps, which are associated with all types of SFGs at 
z~2 ( e.g., Elmegre en & Elmegreen 2005; Elmegreen et aDbo07 . 2009a; Boumaud et al. Ibood ; iGenzel et al.1 



20081. 12OI L ; iForster Schreiber et al.ll2011r) but resemble neither the starburst regions nor bulges of low red- 
shift SFGs. 



These giant clumps are m ostly identified in high-resolution HST optical ACS images (e.g.. Elmegreen & Elmegreen 



2OO5I ; Elmegreen et al.ll2007r) . which probe the rest-frame UV region at z> 1 at phy sical spatial resolution of 
^1 kpc. They are also detec ted in HST near-infrared (NIR) images of NICMOS (lElmegreen et al.ll200 9a; 
Forster Schreiber et al.ll201 ll) . which observe the rest-frame optical wavelengths at z>l. Rest-frame optical 
line emi ssions from NIR integral fi eld spectroscopy observations of z~2 disk galaxies also reveal such giant 
clumps (fGenzel et al.ll2008L l2011|) . Clumps are studied at even higher effective spatial resolut ion, up to a 
few ^ 100 PC in strongl y lensed objects at l<z<3 through rest-optical or CO line emission (e.g. Jjones et al. 



2OIOI; ISwinbank et a 



uncertain. iLotz et al 



2010.) . However, the fract i on of galaxies at z>2 that show clumpy structures is still 



(l2006h ; 



Ravindranath et al. 



(|2006r) and Ravindranath et al. (2011, in pr e p.) co ncluded 
that clumpy galaxies are only about 30% of the population at z^3, whil e lElmegreen et al.l (l2007h argued 
that the dominant morphology for z>2 is clumpy galaxies. IWuyts et al.l (120121) measured the fraction of 
clumpy galaxies in a mass-complete sample of SFGs at Z'^2 by using multi-waveband images and stellar 
mass maps. They found that the fraction depends sensitively on the light/mass map used to identify the 
clumps, decreasing from about 75% for clumps selected through rest-frame 2800 Aimages to about 40% for 
clumps selected through rest-frame V-band images or stellar mass maps. 

The formation and subsequent evolution of these giant clumps, thought to be linked with the formation 
of bulges and thick disks in today's massive galaxies, are still unknown. In a widely held hypothesis based 
on theoretical works and numerical simulat ions, these kpc - scale clumps are for me d through gravitational 



instability in gas-r i ch turbulent disks (e . g.. iNoguchil 1 19991; llmmeli et all l2004alJbl; Ehnegreen et all 12008 



Dekel et al.ll2009bl ; ICeverino et al.l 120101 120121) . This scenario is supported by the fact that high-redshift 



galax i es are gas-rich, with the gas-to-baryonic fraction of 20% to 80% (e.g..lErb et al.ll2006l ; iGenzel et al. 



20081; iTacconi et all l2008l. I2OIOI ; Forster Schreiber et al 



smooth and continuous accretion of cold gas flow (|Keres et al.ll2005l ; iRauch et al 



200' 



Daddi et al 



2010 ), possibly as a result of 



20081 ; lDekeletal.ll2009al ; 
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Cresci et alJgOlulSteidel et alJbOlulGiavalisco et alj|2011r) . Due to the clump interactions and dynamical 
friction against the surrounding disks, these clumps would migrate toward the gravitational centers of their 
host galaxies and eventually coalesce into a young bulge as the progenito r of today's bulges or be disrupted 



by either tidal force or stellar feedback to for m part of a thick disk (e.g. jBoumaud et alj|2009l : iDekel et al. 
2009bl : iMurrav et al l boiol : loenel et alJl2012 l). 



To confirm or set constrains on the above scenarios, one needs accurate measurements on the physical 
properties of clumps, such as stellar mass, age, SFR, and star formation history (SFH) as well as their radial 
variations across the host galaxies. Such knowledge, unfortunately, is lacking and difficult to obtain, because 
it requir es spatially resolved mu l ti-ban d photometry or spatially resolved spectroscopy of each clump. In the 
work of iForster Schreiber et all (1201 lb . only two of their six galaxies have marginally enough information 
to enable a rough measurement on M/L and age for clumps, one with a single ACS/F814W - NIC2/F160W 
color and the other with Ha equivalent width measured by the adaptive optical assisted SINFONI. Their 
finding of evidence of a systematic trend of older clumps at small er galactocentric radius is consistent with 
the above scenarios, but suffers from a small number statistics. Elmegreen et all (|2009ah studied clump 
clusters and chain galaxies in the HUDF with HST/ ACS and NICMOS images. They fit stellar population 
models to the multi-band photometry of clumps and bulges to derive their stellar masses and ages. However, 
the resolution of their NICMOS images is three times poorer than that of the ACS images so that obtaining 
uniform multi-ban d photometry for ind ividual clump is affected by the blend of clumps in the low-resolution 
images. Recently, IWuyts et al.l (120 12h performed a detailed analysis on the spatially resolved colors and 
stellar populations of a large and complete sample of massive SFGs at 0.5 < z < 2.5 in the ERS and 
CANDELS-Deep region of GOODS-South. The multi-wavelength images of HST/ ACS and WFC3 allow 
them to study light maps in both rest-frame UV and rest-frame optical with similar spatial resolutions. Their 
results are consistent with an inside-out disk growth scenario with a "Christmas tree" model in which giant 
star-forming clumps are formed through gravitational instabilities in gas-rich disks, and then are quickly 
disrupted through feedbacks. Alternatively, the presence of blue and young star-forming clumps superposed 
on a redder underly ing disk in their SFGs is also consistent with the inward migration scenario. However, 
Wuyts et al.l (120121) focused on regions with excess surface brightness and did not subtract the diffuse light 
of host galaxies from clumps. 

In this paper, we try to measure the physical properties of clumps in SFGs at zr^l in a sufficiently large 
sample, exploiting the advantage of high resolution and deep sensitivity of HST/ACS and WFC3 images 
in the HUDF. The recently available WFC3 images allow us to measure spatially resolved multi-band pho- 
tometry across the rest-frame UV and optical regions at this redshift. Especially, the WFC3 F160W image 
observes light with rest-frame wavelengths longer than the B aimer break, enabling an accurate measure- 
ment on the age and stellar mass of clumps. On the other hand, the high resolution of WFC3 images (0.15") 
enables us to resolve into ~1 kpc scale, a typical size of clumps, at z~2 to effectively separate the light 
from clumps and their surrounding disks. In this work, we compare the properties of clumps to those of 
their surrounding materials (Sec. SJl and also study the radial variations of clump properties across their host 
galaxies (Sec. [5ll. 



Throughout the paper, we adopt a flat ACDM cosmology with il^ = 0.3, Q,a = 0.7 and use the 
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Hubb le constant in terms of h = //o/lOOkm s ^ Mpc ^ = 0.70. All magnitudes in the paper are in AB 



scale (lOkell 19741) unless otherwise noted. 



2. The Data and Sample Selection 
2.1. Images and Catalogs 



The ultra-deep ACS images in the HUDF (IBeckwith et al.l 120061) cover an area roughly equal to the 
footprint of the ACSAVFC FOV in the same four filters as the GOODS ACS program, namely F435W (B), 
F606W (V), F775W (i), and F850LP (z) down to a depth of 29.4, 29.8, 29.7, and 29.0 mag (5a, 0.35"- 
diameter aperture), respectively. We use the publicly available images, which have been re-binned to the 
same pixel scale as the GOODS/ACS mosaic, namely 0.03" /pixel (0.6 x the original ACS pixel scale). 

The WFC3/IR data are from the HST Cycle 17 program GO- 1 1563 (PI: G. lUing worth), which aims 
at complementing the HUDF and the two HUDF05 parallel fields (joesch et al l boOTh with WFC3/IR im- 
ages in Y (F105W ), J (F125W), and H (F160W) of matching sensitivity, ^29 mag (|Bouwens et allboiol : 
Oesch et al.ll2010r) . Here we use only the first epoch of the images, released in September 2009, which in- 
cludes 18 orbits in Y, 16 orbits in J, and 28 orbits in H. We have carried out our independent reduction of the 
raw data, and after rejecting images affected by persistence in the J band, our final stacks reach la surface 
brightness fluctuations of 27.2, 26.6 and 26.3 AB/" ^ in the three bands, respectively, over an area roughly 
equal to the footprint of the WFC3/IR camera (2.1 " x 2.1 "). We have drizzled the WFC3 images from 
their original pixel size of 0. 121" x 0. 135" to 0.03" per pixel to match the sc ale of the GOODS and H UDF 
ACS images. Further details on the production of the WFC3 data aie given in lKoekemoer et al.l (|201lh . 



In addition to the HST /ACS and WFC3/IR images in the HUDF, the data used in this paper also include 
panchromatic multi-wavelength photometry obtained as part of the GOODS program, as the HUDF field 
is embedded in the GOODS south field. The long wavelength baseline of the GOODS photometry enables 
us to reliably select SFGs based on photometrically-derived stellar mass and specific star formation rate 
(SSFR), while the deep HST optical and NIR images allow us to obtain color maps of the galaxies with a 
resolution of ~ 1 kpc. 

The GOODS south field has been observed with various telescopes and instrument combinations, from 
the X-ray to t he sub-millimeter an d radio. Relevant to our anal ysis here is the VLT/V IMOS ultra-deep U- 
band imaging dNonmo et al.ll2009l) . as well as HST/ ACS BViz dciavalisco et al.ll2004) ). VLT/ISAAC JHK, 
Spitzer/IRAC 3.6, 4.5, 5.7, 8.0 nm, and Spitzer/MIPS 24 /im imaging. Because the resolution of the images 
significantly changes from optical- to IR-bands, we use an object template-fitting software dubbed TFIT 
(|Laidler et al.ll2007r) to obtain matched mu lti-band photometry . The detailed desc ription of TFIT measured 
catalog of GOODS-S can be referred from bahlen et all (|201ol ): Iguo et all jlOl^ . 
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2.2. Sample 



In this work, we select SFGs with 1.5<z<2.5 in the HUDF to study their clumps. Since we are 
measuring spatially resolved properties of galaxies through photometry of only seven bands (ACS BViz and 
WFC3 YJH), in order to reduce the number of free SED-fitting parameters, we restrict our sample to only 
contain galaxies that have spectroscopic redshifts. The use of spectroscopically observed galaxies reduces a 
major uncertainty of SED-fitting, namely the uncertainty of (photometric) redshift. However, it also reduces 
the size of our sample and might bias our sample towards the bright end. In the HUDF, only 15 SFGs (SSFR 
> O.OlGyr^^) have spectroscopic redshift (spec-z) at 1.5<z<2.5 to enter our sample. We visually inspect 
the z-band images of these galaxies and exclude five galaxies that have no obvious multi-clump morphology. 

About 67% (10 out of 15 galaxies) of our sample are r nulti-clump systems in t heir optical ACS z-band 
(rest-frame UV) images. This result is quite similar to what Elmegreen et al.l (120071) found, na mely the ma- 



j ority of SFGs at z~2 is clumpy galaxies. It is also consistent with the clumpy fraction that IWuyts et al. 



(120 12l) measured through rest-frame UV light. However, we also note that due to the use of spec-z, our 
sample is small and possibly biased toward UV bri ght galaxies. The bright UV emission may further sug - 
gest that our sample is biased toward bluer (e.g., Ivan Dokkum et all 120061 : iForster Schreiber et al.ll2009l) 



and rn ore active galaxies among all SFGs at z~2. Moreover, as shown by the re cent work o f 



Wuvts et al. 



(|201ir ). actively star-forming galaxies tend to have the largest sizes (see also, e.g. JFranx et al.ll2008h . which 
presumably introduces a further bias in our sample toward large galaxies. To draw a robust conclusion on 
the fraction of clumpy galaxies at z~2, a large sample (perhaps with photometric redshift) covering a wide 
range of both luminosity and stellar mass is needed. The ongoing 902-orbit HST Multi- cycle Treasure Pro- 



gram. Cosmic Assemb ly Near-infrared Deep Extragalactic Legacy Survey (C ANDELS iGrogin et al.ll2011 



Koekemoer et aLKOllI) has already begun to provide deep images over a large sky area to answer this ques- 
tion as well as to provide robust statistics on clump properties, as demonstrated by IWuyts et al.l (|2012h . We 
also anticipate that the present paper may lay the groundwork for future studies in the CANDELS survey. 
The z-band, H-band, and z-H mosaics of the 10 galaxies in our sample are shown in Figure [T] The properties 
of the galaxies are shown in Tabled] 



Three galaxies in our sample are discussed in lElmegreen & ElmegreenI (l2005h : Galaxy 22284 (with ID 
3484 in Elmegreen's paper), 21739 (Elmegreen ID 3465-I-), and 27101 (Elmegreen ID 6462-I-). These galax- 
ies, classified as "clump-clusters" in the paper, were chosen to study by Elmegreen et al. because of their 
large angular size, good resolution into clump and interclump regions. Elmegreen & ElmegreenI (|2005n used 
visual inspection on ACS i-band to identify clumps. They identified more clumps in these galaxies than we 
find (see Table[3ll. Although the different selection bands may contribute, the different numbers of identified 
clumps in the two works could be mainly due to different clump identification strategies. We conservatively 
ask clumps to be 3(7 brighter th an the diffuse components of the host galaxies (see the next section), while 
Elmegreen & ElmegreenI (120051) simply ask clumps to be bright compared to the sky background. We will 
discuss the derived properties of clumps in the two works in Sec. 16.11 
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Fig. 1. — Montage of our 10 clumpy star-forming galaxies at z~2. Each row shows images of two galaxies. 
For each galaxy, the panels from left to right show the z-band, H-band and z-H maps. Their galaxy IDs are 
shown in their z-band images, while redshifts in their H-band images. Small circles (magenta in the z-band 
and H-band images, and white in the z-H maps) show the identified clumps. Blue "X" in the H-band images 
show the light-weighted centers. 
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3. Clump Detection and Measurement 

Clumps are detected from the HST/ACS z-band images through a hybrid of automated detection and 
visual inspection. In the image of each galaxy, a clump is identified if a region contains at least six contigu- 
ous pixels that are brighter than 3a confidence level of the average surface brightness of the galaxy. If two 
or more sub-structures above 3(t of the average surface brightness of the galaxy are adjoining, we visually 
separate them and determine the peak of each clump. The locations of each identified clumps are shown by 
circles in the z-band images of galaxies in Figure [T] 

Our choice of the ACS z-band as the detection band of clumps raises a question: how do the number 
and nature of identified clumps depend on the choice of the detection band? The question lies in two folds: 
(1) the impact of the spatial resolution of images on clump identification and (2) the impact of the use of 
different bands that are dor ninated by light of different s tellar populations on clump identification. This 



problem was highlighted by Forster Schreiber et all (1201 ih . who found that, for one galaxy in their sample. 



clumps identified through WFC3 H-band and ACS i-band images have different physical proprieties. To 
test the robustness of our clump identification through the rest-frame UV band, we carry on the following 
two tests. First, we smooth the ACS z-band images of clumps to match the resolution of WFC H-band and 
repeat our identification procedure. Only one clump (#4 of 24033) is missed, and three pairs of clumps (#2 
and #3 of 20565; #2 and #3 of 21739; and #1 and #2 of 26067) are blended in the smoothed images. Given 
the fact that only 10% (4 out of 40) of our identified clumps are affected, we conclude that the change of 
resolutions of images (from ACS to WFC3) would not have significant impact on our clump identification 
and hence our later results. 

The second test is to identify clumps directly from WFC H-band images, which sample the evolved 
stellar populations at z~2. Besides suffering from the impact of resolution, the H-band detection misses 
a non-negligible fraction, ~20%, of clumps that are detected in the z-band. The missed clumps are #5 of 
21739; #4 of 23013; #2 and #4 of 24033; #3 and #4 of 24684; #3, #4 and #5 of 27101. These clumps 
are missed mainly because of lower contrast of clumps against the background diffuse stellar population 
in the H-band, and most of them are faint even in the z-band. Two clumps that are bright in the z-band 
but not detected in the H-band are #4 of 23013 and #3 of 24684. An important result in this test is that 
w e do not find any new detected clumps through using the H-band images. This is different from the case 



of iForster Schreiber et al.l (|2011h . and can be attributed to the ultra-deep rest-frame UV images used in our 
study, which allows us to probe even rest-frame UV faint (and hence very red) clumps. Thus, we conclude 
that our clump identification through ACS z-band images is superior to that through WFC H-band images, 
as the H-band detected clumps are just a sub-sample of the z-band detected ones. Using the z-band images, 
we are able to study the nature of clumps in a wide range of physical properties. 

For each identified clump, we measure its multi-band photometry from ACS BViz and WFC3 YJH 
images, all smoothed to match the resolution of the WFC 3 H-band image (^0.15^0. The details and tests 



done to ensure an accurate PSF matching can be found in iGuo et al.l (|2011r) . The fluxes of clumps in each 
band are measured within an aperture with size (diameter) of 0.3", about two times the FWHM of the H-band 
images. In order to separate the light of clumps from that of diffuse components of galaxies, we subtract a 
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diffuse background from the flux of each clump. The surface brightness of the background is calculated as 
the average flux per pixel of the host galaxy, after all clumps in it (circles with diameter of 0.3") are masked 
out. The product of the surface brightness and area of a clump is then subtracted from the flux of the clump. 
The diffuse background is subtracted for all clumps in all seven bands. 

It is important to note that for all clumps in one galaxy, we subtract a constant diffuse background across 
the whole galaxy. This subtraction might be over-simplified, as the underling diffuse or "disk" component 
of a galaxy is likely to have a non-constant profile (e.g., an exponential disk profile). In that case, we would 
over-subtract background for clumps in outskirts of the galaxy, while under-subtract it for those close to 
the center. We argue that this over-simplified subtraction would not significantly change our results on the 
comparison of clump properties and "disk" properties, as on average, only 15% of the raw flux of each 
clump is subtracted. However, it may induce false signals into our studies on the radial variation of clump 
properties across the host galaxies. We will discuss its influence later (Sec. 15.31) . We also note that the 
amount of subtraction is comparable to the photometric uncertainty that is caused by our use of the arbitrary 
d=0.3" aperture. When we enlarge or shrink our aperture size by 2 pixels, the typical change on flux is about 
15%~20%. Therefore, we use the difference of the fluxes measured at d± 0.06" as the uncertainty of fluxes 
of clumps. 

The physical properties of clumps are measured through fitting seven-band SEDs t o stellar population 



synthe tic models. We use the updated version (CB09, Chariot & Bruzual in prep.) of iBruzual & Chariot 



(|2003 u. which includes a new treatment on the con tribution of TP -AGB stars, as our stellar population li- 
brary. The initial mass function (IMF) of Salpeter ds alpeter 1955) is used. The redshifts of all clumps are 



fixed at the spec-zs of their host galaxies during the fitting. Since the SF H of galaxies at z~2 is controversial 



(e.g. jLee et al.ll2009l.l2010l : lMaraston et al.ll20ld : lPapovich et alKOllh . we fit each clump with three differ 



ent types of SFHs: exponential declining (r-model), constant (CSF), and exponential increasing. Among 
the three fits of each clump, the one with the smallest reduced is chosen as the best-fit model and its cor- 
responding parameters are used as the physical properties of the clump. For each fitting parameter, we use 
the standard deviation of the three best-fit values from different SFHs as the uncertainty of the parameter, 
as we believe that the largest uncertainty of SED-fitting is rooted from the uncertainty of SFHs. We fix the 
metallicity to the solar value for all clumps. We will discuss the influence of metallicity variation among 
clumps on our results later (Sec. 15.41 ). When deriving the physical properties from the best fit template, 
we adopt the following definitions. To measure SFR, we average the SFH of the best fit template over the 
last 100 Myr, which allows a meaningful comparison between SFR derived through SED-fitting and that 
through rest-frame UV continuum empirically. The age of objects in our paper corresponds to the time from 
the onset of their star formation to their redshifts. And our stellar mass measurement accounts for the loss 
of stellar mass over time. 

We also measure the fluxes and properties of the diffuse component (called "disk" thereafter) in each 
galaxy. The flux of a "disk" is measured by subtracting the total fluxes of clumps in its host galaxy from 
the flux of the galaxy. The physical properties of "disks" are measured with the same method that is used 
for clumps. We note that whether these diffuse components are real disks or not is still unknown. Actually, 
it is a key to understand the formation mechanisms of clumps. The existence of underlying disks is a 
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nece ssary condition for the scenar io of fragmentation due to gravitational instability. Kinematic studies, 



Forster Schreiber et all (120091) . are needed to understand the nature of the diffuse components. In this 



e.g., 

paper, we just call them "disks" for simplicity. 

The properties of clumps and "disks" are shown in Tabled 



4. Physical Properties of Clumps 



4.1. Rest-frame UV-Optical Color of Clumps 

To understand the nature of our clumps, we study their positions in color-magnitude diagram (CMD). 
In CMP , present-day galaxies are w ell separated into two populations: red-sequence and blue c loud (e.g.. 



2004 



Blanton et al. 2003:lBell et al 



Brammer et al 



20091 : 



20041). This color bimodality is observed to exist up to z-^l.S (e.g. JBell et al. 



Mendez et al. 



201 ih . The red-sequence is believed to consist of old and quies- 



cent galaxies, while the blue cloud consists of young and active galaxies. The locations of clumps in CMD, 
namely among red-sequence or blue cloud, would shed a light on whether they are as quiescent as local red 
spheroids/bulges or still actively forming stars. 

Figure |2] shows the diagram of rest-frame (U-V) color vs. absolute rest-frame V-band magnitude for 
clumps (starred symbols). Rest-frame magnitudes are obtained through interpolating the observed seven- 
band photometry to corresponding rest-frame wavelength, based on the redshift of each clump. In the figure, 
we also plot the "disks " (triangles) and host galaxies as a whole (circles). We also plot the six passively- 
evolving galaxies from IGuo et all (1201 ih (squares) in the figure. The separation of red-sequence and blue 
cloud shifts blueward as the redshift increases, because the cosmic age decre ases with redshift . To obtain a 
red-blue separation line for z~2, we extrapolate the separation line at z=0 of iBell et all (120041) to z=2 with 
the empirical evolving formula proposed in their paper: <U — V >= 1.23 — 0.4z — 0.08(My —6/05/1+ 20). 
The red-blue separation lines at z=0 and z=2 are shown by dashed and solid lines in the figure. 

In general, clumps are as blue as their surrounding "disks" and host galaxies. Only few clumps reach 
above the red-blue sequence at z=2 and might have properties similar to quiescent galaxies at z~2. Overall, 
the blue color indicates that the star formation activity is still strong and has not been widely quenched in 
clumps. We note that our clumps are identified through the excess of the rest-frame UV light in the diffuse 
background. Therefore, we expect them to have bluer color than their surrounding "disks". However, Figure 
[2] does not support such expectation. What's more, it shows that, compared with "disks" or host galaxies, 
clumps seem to have broader color dispersion. This broader scatter suggests that our clumps cover a wide 
range of physical properties (e.g., age or extinction), have diverse star formation histories, or are in different 
evolution stages. This result seems contradictory to the simple "Christmas tree" model, in which clumps are 
rapidly disrupted once they have formed. In that case, the properties of clumps may concentrate within a 
narrow range. We will quantify the dispersion of clump colors in Sec. 14.41 
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Fig. 2. — Color-magnitude diagram of clumps (star), "disks" ftrianal e). and host gala xies (circle). To- 
gether plotted are six passively-evolving galaxies at Zf^2 (squares) f romlCiuo et alj J201lh . We also plot the 



separation of red-sequence and blue cloud at z=0 from iBell et al. torn (dashed line). The solid line is 
the extrapolation of the separation from z=0 to z=2 by using the formula of evolution of the separation of 
Bell et all (l2004h . 
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4.2. SFR-Stellar Mass Relation of Clumps 

Figure [3] shows the SFR-stellar mass relation of clumps (red stars) as well as that of "disks" (blue 
triangles) and whole galaxies (black circles). SFR and stellar mass are measured through SED-fitting with 
various assumed SFHs as described in Sec. [3] The best hnear fit for the relation of each population is also 
shown in the plot. In order to evaluate the significance of the SFR-stellar mass relation of both clumps 
and "disks", we run bootstrapping 100 times to randomize the pair of SFR and stellar mass of clumps and 
disks and calculate the correlation coefficients (defined as y^COVAR[X, Y]/(VAR[X] *VAR[Y]), where 
COVAR is covariance and VAR is variance of X and Y, and X and Y stand for stellar mass and log(SFR)) for 
both the observed and randomized relations. By comparing the correlation coefficients of both the observed 
and randomized relations, we find the relation of both clumps and "disks" are significant at at least 3a 
level. The SFR-stellar mass relation of clumps and "disks" have almost the same slope, although the two 
populations occupy different ends of the stellar mass range: the stellar masses of clumps spread over the 
range between W^Mq and lO^^M©, while those of "disks" between 10^°Mq and IO^^Mq. However, the 
normalization of the relation of clumps is about five times higher than that of "disks ", converting to a hig her 



SSFR of clumps. The higher SSFR is consistent with the spectroscopic measures of iGenzel et all (1201 ih . 



The reason of the higher SSFR of clumps is important for understanding the nature of clumps, but 
unfortunately still unknown. It could be due to the fact that the locations of clumps sample the very high 
end of the gas density distribution of host galaxies. As a sequence, the gas-to-stellar mass ratio is higher in 
clumps than in "disks". This case is likely true, as these clumps are believed to form through gravitational 
instability in the gas-rich "disks". Such process indicates a high gas density in their birth locations. However, 
based on our later analysis, the (projected) stellar mass density of clumps is also higher than that of "disks". 
Therefore, it is still uncertain whether the gas-to-stellar mass ratio of clumps is comparable for that of 
"disks". If they are comparable, clumps would have higher efficiency to convert gas into stars to yield 
higher SSFR. In this case, other mechanisms, for example a different star-formation law, should be used 
to explain the higher star formation efficiency of clumps. Further observations on spatially resolved gas 
density (e.g., through ALMA) are required to investigate the star formation activity in clumps. 

Figure[3]also shows that the SFR-stellar mass relation (or SSFR) of the galaxies as a whole has almost 
the same slope and normalization as that of "disks". It suggests that "disks" contribute the majority fraction 
of SFR and stellar mass of the host galaxies. Clumps, on the other side, stand out as regions with enhanced 
SSFR in the "disks". 



4.3. Contribution of Clumps to Host Galaxies 

Figure |4] shows the fractional contributions of clumps to their host galaxies, in terms of rest-frame U- 
band and V-band luminosity, stellar mass and SFR. We show the distribution of the contributions of both 
each individual clump (solid line) and the sum of all clumps in one galaxy (dashed line). For the U-band 
and V-band luminosity (top left and top right panels), the individual contribution of clumps runs from 1 % 
to 10%, with a median of ~5%, while the total contribution of all clumps sharply peaks around 20%. There 
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Fig. 3. — SFR-stellar mass relation for clumps (star), "disks" (triangle), and host galaxies (circle). The 
SFR-stellar mass relation of each population is fitted by a straight line (red, blu e, and solid black fo r clumps, 
"disks", and host galaxies, respectively). The dotted line is the relation of jPaddi et all (l2007h for BzK 
galaxies. 



-13- 



1.0 
0.8 - 



§ 0.6 h 

u 
o 

i 0.41- 



o 
o 



0.2 - 



0.0 




-2.0-1.5-1.0-0.5 0.0 0.5 1.0 
LogCLu^Lu.,) 



-2.0-1.5-1.0-0.5 0.0 0.5 1.0 
Log(Lv.c/Lv.,) 



S 0.6- 




-2.0-1.5-1,0-0.5 0.0 0.5 1.0 
l-og(M,,o,.c/M„or.9) 



-2,0-1,5-1,0-0,5 0,0 0,5 1,0 
Log(SFRySFR,) 
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show the distributions of the contribution of each clump, while dotted lines show the distributions of the total 
contribution of all clumps in each host galaxy. The horizontal error bar in each panel shows the typical error 
of each measurement. 
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is no obvious difference between the clump contributions to both luminosities. The clump contribution to 
stellar mass (bottom left) is similar to that of the light, with a broad distribution of individual contribution 
running from 1% to more than 10%, and a concentrated total contribution peaking around 20%. We note 
that the similar contributions to stellar mass and to light of individual clumps do not imply a similar M/L 
ratio among clumps. Actually, the M/Ly ratio of clumps covers a wide range, from ~0.05 Mq/Lq y to 
several Mq /L© v, with the median of 0.5 Mq /Lq^v and the standard deviation of 0.5 dex. The widespread 
M/L ratio of clumps is consistent with our previous argument that clumps are found at different evolutionary 
stages. 

The contribution of clumps to SFR (bottom right) is higher than that to light and stellar mass. The indi- 
vidual contribution peaks around 10%, while the total contribution peaks around 50%. The low contribution 
to stellar mass and high contribution to SFR are consistent with the fact the clumps have enhanced SSFR 
relative to "disks" or galaxies as a whole. 

4.4. Clumps vs. "Disks" 

Figure [5] shows the difference between clumps and "disks" in terms of the distributions of UV-optical 
colors (top left), ages (top right), dust extinction (bottom left) and projected stellar mass densities (bottom 
right) of clumps (red) and "disks" (blue). Each distribution is fitted by a Gaussian function. This figure 
shows that the mean UV-optical color of clumps is similar to that of disks (U-V~0.6). However, the color 
distribution of clumps is broader than that of disks. The standard deviation of the former is 0.30, while 
that of the latter is 0.12. Clumps can be as red as U-V~1.2 and as blue as U-V~-0.2, while "disks" are 
concentrated within 0.2<U-V<0.8, except for one "disk". The broader color distribution of clumps can be 
attributed to either different SFHs among clumps or different evolution stages of clumps. 

Our SED-fitting method only provides limited information on SFHs, however, the distribution of ages 
of clumps gives us a hint that the broader color distribution of clumps is more likely associated with the 
evolution stages. On average, the ages of clumps are only slightly (0.2 dex) younger than that of "disks". 
However, the ages of clumps have a broader distribution, covering the range from 0.01 Gyr to a few Gyr, 
with the standard deviation of 2.1 dex. In contrast, the ages of "disks" are concentrated within 0.3 to 1 Gyr, 
with a standard deviation of 1.7 dex. Moreover, in Sec. [51 we will show that both color and age of clumps 
change with the galactocentric distance of clumps. Based on the trend of their radial variations, one can 
expect a loose correlation between colors and ages of clumps, which would support our speculation that 
the broader color distribution of clumps is due to the broad age distribution (and hence different evolution 
stages). However, we note that the age determination in SED-fitting is not robust and strongly depends on 
the assumed SFHs. As shown by the horizontal error bars in the top right panel, the uncertainty of age in 
our study, namely the standard deviation of the ages measured by SED-fitting with three different SFHs, is 
about 0.5 dex and 0.3 dex for clumps and "disks" respectively, larger than the difference between the mean 
age of the two populations. 

We also argue that other factors, such as extinction and metallicity, are not likely to be the major 
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contributor of the broader color distribution of clumps. The difference of the E(B-V) distributions of clumps 
and "disks" is not significant, as can be seen from the bottom left panel of Figure [5] The mean and standard 
deviation of the E(B-V) distribution of clumps are 0.31 and 0.11, while those of "disks" are 0.27 and 0.10. 
The differences of both mean and standard deviation of the two components are actually smaller than the 
typical uncertainty of our E(B-V) measurement (~0.05). Although a few clumps do have very high dust 
extinctions, the insignificant difference between the E(B-V) distributions of clumps and "disks" suggests 
that extinction is not a major contributor of the broader color distribution of clumps. Another possible 
reason of the broad color distribution of clumps is the metallicity variation among clumps. Since metallicity 
is not a free parameter in our SED-fitting, we cannot draw conclusions on the metallicity distribution of 
clumps. Instead, we will discuss the effect of metallicity variation in Sec. 15.41 

A more significant difference between clumps and "disks" comes from the distributions of their pro- 
jected stellar mass densities. The high resolution of ACS z-band images allows us to resolve each clump 
and hence measure its projected stellar density. By comparing the FWHM of clumps (after subtracting 
diffuse background) to that of ACS z-band PSF, we find that all our clumps except one are (marginally) 
resolved in the ACS z-band i mage. The fraction of resolved clumps in our sample is higher than that in 



Forster Schreiber et all (1201 ih . who found 18 out of 27 of their NIC2 clumps are resolved. The higher frac- 



tion of resolved clumps in our study can be explained by the higher resolution of ACS z-band image (0.12"), 
compared to that of NICMOS NIC2 images (0. 15"). However, we also caution that the measurements of the 
projected stellar density of clumps in our study may suffer from systematical uncertainty, because the size of 
clumps is not precisely determined. To do so requires a detailed investigation on the light profiles of clumps 
and their host galaxies simultaneously. In this work, instead, we simply use the size of the apertures that we 
use to measure photometry as the size of clumps. The size is about two times the FWHM of H-band PSF, 
equivalent to about 5a of the PSF, and is believed to be a good representative of clump sizes. The projected 
stellar density measured with this size can be treated as an average density of a clump. 

The bottom right panel of Figure [5] shows that clumps are on average eight times denser than "disks". 
This result is non-trivial, because we identify clumps based on z-band images, which, observing the rest- 
frame UV Ught, is more sensitive to star formation than to stellar mass. Identified as prominent sub- 
structures in the z-band images, these clumps are expected to have active star formation but not necessarily 
to be denser. Using the light from both rest-frame UV and optical bands, our SED-fitting method turns out to 
show that clumps are regions with not only enhanced SSFRs but also more concentrated stellar distributions. 

The higher stellar surface densities of clumps a re consistent wi t h the hypothetical sc en ario that clumps 



are formed through gravitational i nstabilities (e.g.. iNoguchi 



1999; 



Immeli et al 



2007L bood : lElmegreen et"aDl2008l : loekel et al.ll2009bl : lceverino et allboiol) . 



2004a b; 



Genzel et al. 



Bournaud et al. 



(120111) calculated 

the maps of Toomre Q-parameter for four galaxies in their sample and found that throughout the outer disks 
and toward the clumps, the Q-parameter is at or even significantly below unity. The small (<1) Q-parameter 
is evidence of gravitational instability. Since the total Q-parar neter is inversely pro portional to the sum of 
the molecular gas and stellar surface densities (see Eq. (2) of iGenzel et all (1201 ih ). the regions with low 
2-parameter (namely regions toward clumps) should have higher surface densities of gases and/or stars, 
as our results show. However, we remind that the possibility that the instability is driven by other violent 
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Fig. 5. — Comparisons between physical properties of clumps and their surrounding "disks". Red his- 
tograms show the distributions of properties of clumps, while blue those of "disks". Red and blue curves 
show the Gaussian fits to the red and blue histograms. Typical measurement errors are shown as horizontal 
error bars (upper for clumps and lower for "disks") in each panel. 
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processes, such as interaction or merger, cannot be ruled out simply based on the estimation of Q-parameter. 



5. Clumps across Host Galaxies 



In a widely held view, clumps are expected to migrate toward the gravitational centers of their host 
galaxies due to dynamical friction against the surrounding disks or clump interactions and eventually co- 
alesce into a young bulge in several dynamical timescales (~0.5 Gyr) to form the progenitor of today's 
bulges. Alternativel y, they could also be disrupted by either t idal force or stellar feedback to form part 
of a thick disk (e.g.. Escala & Larsonll2008l : iDekel et alj|2009br) . If clumps are able to survive the several 
dynamical timescales of migration, they are expected to exhibit a broad age dispersion, with older clumps 
generally closer to the galactic centers. Moreover, other physical properties of clumps would a lso change as 
the clu mps migrate toward the galactic centers. For example, the gas outflows, as observed by lGenzel et al. 
(|20Ilh . would be sufficiently strong to expel a large fraction of gas of clumps so that clumps are expected 
to become less efficient at forming stars when sinking toward centers. In this section, to understand the evo- 
lution of clumps, we study the radial variations of colors and physical properties of clumps along their host 
galaxies. We also discuss the effect of diffuse background subtraction (see Sec. O on our results. We will 
also discuss the possibility of metallicity variation as an explanation of the observed color radial variation. 



5.1. Radial Variation of Color 



Figure |6] shows the radial variation of the rest-frame U-V color of clumps across the host galaxies. We 
use the H-band light-weighted centers of host galaxies to represent the galactic centers, as the H-band is 
closest to the peak of stellar emission in all available bands. We calculate the galactocentric distance of each 
clump in the following three ways and study the radial variation in each case, respectively: (1) projected 
distance, scaled by the H-band Kron radius of its host galaxy (left panel); (2) deprojected distance, scaled by 
the Kron radius (middle panel); and (3) deprojected physical distance, in unit of kpc (right panel). All panels 
show a clear trend that clumps close to the centers of their host galaxies have redder rest-frame UV/optical 
colors than those in the outskirts. Although the slope of the radial color variation (or color gradient), defined 
as a = A{U — V)/ ALog{R), varies with the definition of the galactocentric distance, it is significant 
beyond the 3(j confidence level in all cases (the values of the slope can be read from Figure O. Therefore, 
we conclude that the radial color variation is an intrinsic feature of clumps and not affected by the distance 
definition. In later analysis, we use the scaled projected distance, as it gives us the strongest signal of radial 
variation and is independent of the assumption of the circle configuration of galaxies, which is used in our 
calculation of the deprojected distance, but still very uncertain for our galaxies. With the projected distance, 
the average colors of clumps become redder by 0.8 mag from radius of 0.7 rxron to 0.07 rxron- This picture 
is broadly consistent with the scenario of inward migration of clumps. However, since the color is governed 
by a few factors: age, dust extinction and metallicity, the radial variation of color itself only provides an 
indirect comparison with theoretical hypothesis. The radial variations of physical properties are needed to 
make a direct comparison with models. 



-18- 



TTTT| 1 1 — I I I I I 1 1 1 1 I I I I I l| 1 I I I I l| 1 1 — I I I I I 1 1 1 1 I I I I I l| 1 T 1 1 — I I I I I I I 1 1 — I I I I I I I r 




10"' 10"' 10° 10"' 10"' 10° 10"' 10° 10' 

dpro/^Kron ^ / Wron d (kpc) 

Fig. 6. — Radial variation of the rest-frame U-V color of clumps as a function of their galactocentric dis- 
tances to the H-band light-weighted centers of their host galaxies. The distance is calculated in different 
ways in the three panels. Left: The distance is the projected distance, scaled by the H-band Kron radius 
of the host galaxy. Middle: It is the deprojected distance, scaled by the H-band Kron radius of the host 
galaxy. Right: It is the deprojected physical distance, in unit of kpc. To calculate the deprojected distance, 
we assume a circle configuration with the inclination angle equal to the axis ratio for each galaxy. In all 
panels, each circle with error bar stands for one clump. The red stars and red vertical error bars show the 
mean and la deviation (after 3cj-clipping) of the clumps in each distance bin, while the bin size is shown 
by the red horizontal error bar. The solid and dashed blue hnes in each panel show the mean and standard 
deviation of color variation of interclump pixels of all galaxies. The best-fit slope of the color gradients of 
clumps and interclump pixels are given in each panel. 
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There is one more issue that may also complicate the inference of the nature and fate of clumps from 
color variation and invalidate the inward migration scenario. It is the radial color variation of the diffuse 
components ("disk") of our galaxies. If the "disks" exhibit the same radial color variation (or gradient), 
it is then very likely that clumps are formed and, after that, stay in the locations where they are observed 
today. In this case, the radial variation of clumps can be explained by the radial variation of their host 
"disks", because thus formed clumps would have the same dust extinction and/or metallicity as that of their 
birthplaces in the host "disks". In order to examine the possible color gradient of host "disks", we measure 
the rest-frame U-V color of all interclump pixels (defined as pixels that are 0.3" away from the center of any 
clumps) and study their radial variation. The mean and standard deviation of the color of interclump pixels 
are shown as a function of galactocentric distances in Figure |6] Interclump pixels show the similar trend of 
color gradient as clumps: red in center and blue in outskirts. However, the slope of the color gradient of 
interclump pixels (ainter) is significant at only 2a level with the rescaled projected galactocentric distance, 
and decreases to even only la level with the deprojected physical distance, indicating a mild color gradient. 
More importantly, ainter is significantly, at least at 3a level, larger (flatter) than adump, the slope of the 
color gradient of clumps. The values of ainter and adump can be read from Figure |6] The significant 
difference between the two slopes suggests that (1) the color gradient of "disks" can only explain a small 
part of the color gradient of clumps and (2) the formation and evolution of clumps are somehow dynamically 
separated from those of "disks". Therefore, a mechanism such as the inward migration is needed to explain 
the steeper gradient of clumps. 



5.2. Radial Variations of Physical Properties 

Figure |7] shows the radial variations of SSFR (top left), age (top right), E(B-V) (bottom left) and stellar 
surface density (bottom right) of clumps. Same as in Figured the galactocentric distances of clumps are 
scaled by the H-band rxron of host galaxies. Clumps close to the centers of host galaxies have lower 
SSFRs, older ages, higher dust extinctions and higher stellar surface densities. On average, clumps located 
at d = dproj/rKron < 0.1 have four or five times lower SSFR than those at d > 0.5. The average age of 
clumps at d > 0.5 is about 100 Myr, while that of those at d < 0.1 is about 700 Myr. The trend of E(B- 
V) is mild, increasing only 0.2 from d > 0.5 to d < 0.1. The stellar surface density changes dramatically, 
increasing about 25 times from d > 0.5 to d < 0.1. 

As we discuss in Sec. 15.11 the host "disks" show a mild color gradient, which may contribute a small 
fraction of the observed radial color variation of clumps. Here we try to examine the implication of this 
color gradient on the possible gradient of physical properties of "disks". In order to do so, we have to 
run SED-fitting in each interclump pixel. However, the large photometric uncertainties of interclump pix- 
els, especially of those in HST/ACS bands due to the relative low rest-frame UV emission of the diffuse 
components (as one can infer from Figure [Til, prevent us from getting rehable fitting results for individual 
interclump pixels. In our study, we take a detour by assuming the (U-V) color-extinction relation and the 
color-age relation of each interclump pixel follow those of the integrated "disks". Thus, we extrapolate 
these relations of "disks" to the color of individual interclump pixels to obtain an estimation of the extinc- 
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Fig. 7. — Radial variation of physical properties of clumps as a function of galactocentric distance. Symbols 
and colors are same as those in Figure [6l 
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tion and age of the pixels. We believe that such extrapolation is valid because the "disk" is the integration of 
all interclump pixels and hence represents the average color-extinction and color-age relations of the pixels. 

The age and extinction gradients of interclump pixels are shown in Figure |7J Similar to the case of 
color gradient, both gradients are mild and cannot fully explain the observed radial variation of clump 
properties. The age gradient of interclump pixels varies only from ~300 Myr at the projected galactocentric 
distance of ~0.07 rxron to ~100 at ~1 rxrom while a large fraction of clumps are found to have age >700 
Myr at ~0.07 rxron or to have age <100 Myr at ~1 rxron- The extinction of interclump pixels varies 
only by AE(B - V) ~ 0.1 throughout the "disks", while that of clumps varies by AE(B - V) ~ 0.2 from 
galactic centers to outskirts. Although not surprising, these results again demonstrate that the observed radial 
variations (or gradient) of clump properties are not a simple reflection the gradient of "disks". Clumps have 
their intrinsic radial variations so that their formation and evolution are separated from those of "disks", as 
discussed in Sec. 15.11 

The trends of these physical properties are consistent with the scenario of clumps migrating toward 
galactic centers in timescales of <1 Gyr. The trend of SSFR indicates that if the scenario is true, the 
intensity of star formation activity in clumps reduces as they migrate toward the gravit ational centers. Th e 



reason of lower SSFR toward centers could be the gas outflow from massive clumps (iGenzel et all 120 111) . 
However, the outflow is not strong enough to fully quench the star formation in clumps, because even for 
clumps that are closest to galactic centers, their SSFRs are still several ten times higher than the usually 
quoted value for quiescent galaxies (10~^yr~^). 

The trends of age and E(B-V) are actually coupled due to the age-extinction degeneracy. Both high 
extinction and old age can be used to explain the relative red color of central clumps. To break the degeneracy 
requires resolved rest-frame NIR images, which unfortunately are not available to date. In our results, both 
parameters are partly responsible for the relative red color of central clumps. This shared responsibility 
could be real or just a reflection of the degeneracy. If the latter, using a sole parameter to explain the trend 
of U-V colors of clumps requires the ti^end of the parameter being even more prominent than what we see 
in the figure. That is, central clumps could be even older or more obscured. However, neither of the two 
situations is likely to be true. First, the stellar feedback would expel gas out of clumps as well as disrupt 
dust grains. Th e timescale of disrupting dust grains is much shorter than that of expelling gas and quenching 



star formation (lDraindl2009l) . As a result, it is unlikely to find clumps with very high dust extinctions (E(B- 
V)>0.6) but low SSFRs toward the gravitational centers of host galaxies. Second, the ages of central clumps 
are already around 1 Gyr in the figure. A more prominent age trend would result in an average age of 2 Gyr 
or even older. It is hard to explain why these clumps were formed so early but have not fully migrated 
into the centers of galaxies to form bulges. Therefore, we conclude that both age and extinction should be 
responsible for the relative red color of central clumps. 
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5.3. Effect of Diffuse Background Subtraction 

As described in Sec. [3l we subtract a constant diffuse background for all clumps in each galaxy. The 
real diffuse or "disk" component of a galaxy, however, is unlikely to have a constant profile, but instead 
to have a non-constant (e.g., exponential disk) profile. The simplified assumption of constant background 
would result in an over-subtraction for clumps in outskirts and an under-subtraction for central clumps. This 
problem exists for all bands but is more sever for red bands (e.g., H-band), since the background-clump 
contrast in the red band images is lower than that in blue band images, as one can infer from the z-band 
and H-band images in Figure [T] Therefore, the imperfect subtraction on diffuse background would redden 
the color of central clumps and blue the color of clumps in outskirts, inducing a false signal on the trend of 
radial variation of color in Figure [6] and subsequently on the trend of radial variations of physical properties 
in Figure |7] 

Accurate subtraction of diffuse background is complicated. It requires knowledge on the Ught profile 
of underlying "disk" components of host galaxies. The commonly used method to obtain the light profile is 
fitting galaxy image with a Sersic profile. Unfortunately, the image fitting technique has a few shortcomings: 
model dependent, not suitable for asymmetric source, and affected by the existence of clumps, which make 
it problemati c for determining the und erlying components of high redshift inegular-like clumpy galaxies in 



our sample. lELmegreen et al.l (|2009al ) neglected the contribution of diffuse background when they studied 
the clumps in HUDF. This seems reasonable for their study, because they only used HST/ACS optical 
images, where the background-clump contrast is high so that the flux of clumps is 2^ times higher than 
their surroundings. 



In another study. iForster Schreiber et al.l(|2011i ) subtracted background from their NIC2 H-band images 
of clumpy galaxies and explored the impact of different background-subtraction schemes, including the one 
of no subtraction, on their results. They tracked the light profile of clumps until an upturn or a break appears 
and then used the surface brightness of the upturn or break as the surface brightness of local diffuse back- 
ground. For clumps without an upturn or break, they measured the background just outside the photometric 
apertures of clumps. This method is sensible, but somehow subject to the determination of the upturn or 
break in a smoothly changing light profile, which may vary from person to person. Moreover, subtracting 
values from the upturns or from pixels just outside the clump photometric apertures would result in an over- 
subtraction, because (1) the upturn is more likely to be caused by the overlapping of two nearby clumps 
rather than by the domination of background and (2) there is no reason that the background would imme- 
diately dominate the flux just outside the photometric apertures of clumps. This possible over-subtraction 
could partly explain their findings that the local background light is typically 3^ times higher than the 
background-subtracted clump fluxes, while in our study, t he background only accounts f or on average a few 



tens percent of the raw clump fluxes, with few of >50%. iForster Schreiber et al.l (120111) also estimated the 
uncertainty on the clump light contributions due to background subtraction by comparing the background- 
subtracted results with two other measurement methods: directly PSF measurement and raw photometry 
measurement without subtraction. They found that the clump light contributions are uncertain to a factor of 
~3. More importantly, one of their intriguing results, namely the trends of redder colors and of older ages 
for clumps at smaller galactocentric radii, is not significantly changed by using either background-subtracted 
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or raw photometry. 

Since the background subtraction scheme would most affect the radial variations of color and physical 
properties of clumps, we investigate these variations in another two subtraction schemes: local subtraction 
and no subtraction at all. In the local subtraction scheme, for each clump, we measure the background 
surface brightness in an annulet that is 0.3"(two times the radius of our photometry aperture) away from 
the clump, with all areas within a distance of 0.3"of any other clumps masked out. Then, we subtract a 
corresponding background flux from the raw flux of the clump. In the zero scheme, we do not subtract any 
background from the raw fluxes of the clumps. We re-derive the rest-frame colors and physical properties 
of the clumps and re-analyze their radial variations. The new results are shown in Figure [8] for rest-frame 
UV/optical color and Figure |9] for physical properties and compared with the results of a global constant 
subtraction. 

In both new subtraction schemes, the trend of the radial color variation is still present, although being 
flattened slightly: the difference between the average color of clumps at d < 0.1 and d > 0.5 becomes from 
0.8 mag in the constant subtraction (black) to 0.5 mag in the local (blue) or the zero subtraction (red). 
As discussed above, the constant background subtraction scheme may over-subtract light, especially red 
light, from clumps in the outskirts, resulting in a false bluer color for them. However, in the other side, 
the zero background subtraction leaves the background light in red bands to these outskirts clumps, which 
would result in a false redder color for them. The real trend of the color radial variation should be the 
one between the constant subtraction and zero subtraction, most likely the local subtraction. We also note 
that the color of clumps in d < 0.1 is not significantly changed in our zero subtraction scheme, implying 
that background emission is negligible for central clumps. Overall, the change of the color variation under 
different subtraction schemes is no statistically significant. Therefore, we conclude that the observed trend 
of color variation is intrinsic for clumps. 

As we discussed in Sec. 15.11 the host "disks" exhibit a mild color gradient. It is important to examine 
whether the radial variation of clumps under different background subtraction is still significant steeper 
than that of interclump pixels. Since the background subtraction does not affect the gradient of interclump 
pixels (as discussed before, we exclude all pixels close to identified clumps), we simply overplot their color 
gradient obtained in Sec. 15. II in Figure [8] (green) and compare its slope with that of clumps under various 
background subtraction schemes. The slope of clumps in the zero background subtraction is only steeper 
than that of interclump pixels at 2.4a level. However, as discussed above, this trend, suffering from under- 
subtraction of diffuse background, can only be treated as the lower limit of the color gradient of clumps. 
The most likely color gradient of clumps, i.e., the one with local background subtraction, is 3Ja steeper 
than that of interclump pixels. Thus, we conclude that the subtraction schemes of the diffuse background 
would not change our previous conclusion that the color gradient of "disks" is significantly flatter/weaker 
than, and hence only contribute to a small part of, that of clumps. 

The radial variations for physical properties under different subtraction schemes aie shown in Figure 
|9l The situation here is similar to that of Figure [D all trends are still present, but with strength reduced. 
The trend of SSFR is reduced the most and only shows a marginal signal that clumps at d > 0.5 are only 
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Fig. 8. — Radial variation of the rest-frame U-V color of clumps as a function of their galactocentric dis- 
tances, under different schemes of diffuse background subtraction. Small filled blue triangles show the case 
of local background subtraction, while red circles show that of zero background subtraction. Large empty 
blue triangles (red circles) with error bars show the mean and la deviation of the small filled blue triangles 
(red circles). Black "X" with error bars, identical to the red symbols in Figure [6l show the mean and la 
deviation of the case that a global constant background is subtracted. Large empty blue triangles (red cir- 
cles) are shifted along the x-axis for clarity. The typical color uncertainty of each clump is not shown, but 
can be inferred from the uncertainty of Figure [6l Solid and dashed green lines show the mean and standard 
deviation of color variation of interclump pixels. The best-fit slope of each color gradient is also given in 
the figure. 
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Fig. 9. — Radial variation of physical properties of clumps as a function of galactocentric distance, under 
different schemes of diffuse background subtraction. Symbols and colors are same as those in Figure [8] 
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a 1.5-2 times higher than those at d < 0.1. The average age of clumps at d > 0.5 increases from 100 Myr 
to 300 Myr so that the age difference between d < 0.1 and d < 0.1 reduces from >500 Myr of Figure |7] 
to ~300 Myr. The trend of dust extinction is almost unchanged, implying that the E(B-V) measurement is 
statistically robust against background subtraction. The trend of the stellar surface density is also flattened, 
but still significant, even compared with the trend in Figure |7] The stellar surface densities of central clumps 
are now on average 10 times higher than that of clumps in outskirts. 

Similar as for the color, the changes of above trends on physical properties are largely caused by the 
change of the derived properties of clumps in outskirts. On the other side, properties of central clumps are 
less (almost not) affected by the employed background subtraction schemes. Compared to the extreme case 
of over-subtraction due to the assumption of constant background, the zero subtraction is another extreme 
case for clumps in outskirts. The real diffuse background should be somewhere between these two cases. 
If the correct background is subtracted for these clumps, we would expect the radial variations of color 
and physical properties be stronger than those under the zero subtraction, but weaker than those under the 
constant subtraction. Overall, we can still conclude that central clumps are redder, older, denser, more 
obscured, and less active in forming stars than clumps in outskirts. 



5.4. Possible Metallicity Variation 

Our above analyses are based on our SED-fitting assumption that all clumps have solar metallicity. 
However, if there is a radial trend in metallicity (rich center and poor outskirts) already in place in the 
underlying disk, clumps that form closer to the center would tend to be redder, and vice versa. The radial 
variations due to the underlying metallicity gradient might mimic the color trends expected from the clump 
migration scenario. 



The spatial variation in metallicity is indeed observed in clumpy SFGs at Z'^2. iGenzel et all (l2008h 



found that three out of five their SINS galaxies exhibits a radial gradient of the [N II]/Ha ratio, v yhich implies 



a ^20 % higher oxygen metallicity in the central region than in the outer disks. Furthermore, iGenzel et al. 



(120111) found clump to clump and center to outer variation in the [N II]/Ha ratio in another three SFGs at 



z~2. These findings are broadly co nsistent with the inside-out growth mode predicted by semi-analytic 



models (e.g., ISomerville et al.l I2008h . However, we note that the metallicity variation in their works is 
modest though. For example, the average metallicity among the three galaxies increases from ~0.5 Zq in 
outer disks to ~0.8 Zq in central regions. 

Even if the above metallicity variation exists in our galaxies, its contribution to our observed color 
variation would be small. The rest-frame U-V color of a constant star-forming template with age of 1 Gyr 
changes only 0.2 mag from Z = Zq to 0.2Zq. However, in Figure [H the radial color variation is >0.6 
mag, requiring other variations to explain it. We acknowledge the existence of metallicity variation, but 
still conclude that assuming a constant metallicity would not significantly affect our results on the radial 
variations of the SED-fitting derived properties. Moreover, the modest variation cannot be well constrained 
by SED-fitting, because the usually employed discrete metallicity distribution: sub-solar, solar, and super- 
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solar, is too broad to describe the variation. 



6. Discussion 



6.1. Comparisons with Other Studies 



We compare our measurements of the properties of clumps with those of other studies. Due to the 
differences on a few key ingredients, e.g., sample selection, photometric apertures, background subtrac- 
tion schemes, and models used to derive physical properties, only order-of-magnitude comparisons can 
be made. We focus on their stellar masses, SFRs and contributions to host galaxies. We are not able 
to compare clump sizes with other studies, as we fix a constant photometric apertures for all clumps. In 
order to compare stella r masses and SFRs that are derived with diffe rent IMFs, we apply the relation of 
Salimbeni et all (l2009bl) to convert results with the Chabrier IMF Chabrie] (I2OO3 I) to that with the Salpeter 
IMF: log(Msaipeter) = log(Mchabrier) + 0.24. Sincc the normalization of SFR is determined by stellar 
mass in SED-fitting, we also scale the SED-fitting derived SFRs by a relation deduced from the above one: 

SFRsalpeter = 1-74 X SFRchabrier- 



Since three galaxies in our sample (Galaxy 21739, 22284, and 27101) have been studied by lElmegreen & ELmegreen 



(l2005h . with ID 3465+, 3483, and 6462+ in their paper, we first compare the derived properties of these 
galaxies in the two studies in details, and then compare clump properties in sample wise with ot her studies. 
Table |3] shows the first comparison. As discussed in Sec. 12.21 ELmegreen & ElmegreenI (l2005h used ACS 
i-band to select clumpy galaxies and identified more clumps in each gal axy than we do. In order to de - 
rive physical parameters, including redshifts, of clumps as well as galaxies. lElmegreen & Elmegreen ( 2005 ) 
compare ACS color pairs of galaxies and clumps to that of stellar population synthesis models with expo- 
nentially decline SFH. Although the derived properties of clumps are different between the two studies and 
we are limited to a very small sample, we do not find systematical difference between the two studies for the 
following properties: average age of clumps, average stellar mass of clumps, stellar mass of host galaxies, 
and the fraction of mass in clumps. 

The two par ameters with obvious offsets b etween the two studies are the age of disks (called in- 
terclump age in lE lmegreen & ElmegreenI (|2005|)) and average SFR of clumps. The interclump age in 
Elmegreen & Elmeg reen (2005i) is ^2 Gyr, while the disk age in o ur study is 0.3-0.5 Gyr. The difference 
could be due to the assumption of Elmegreen & ElmegreenI (|2005h that interclump star formation began at 
z=6. It could also be caused by the degeneracy between age (t) and the characteristic decay timescale (r) 
in the SED-fitting of eithe r of the two studies. However, the difference in the disk age would not change 
the results in both studies. Elmegreen & ElmegreenI (l2005h found that clumps are bluer than interclump re- 
gions, consistent with our conclusion that clumps are spots with enhanced SSFR. The systematical offset in 
the other pa rameter, the average SFR of clum ps, is likely caused by the use of different SFR indicators in the 
two studies. Elmegreen & ElmegreenI (l2005h used the instantaneous SFR at a given time t, while we average 
the SFR over the last 100 Myr according to the SFH of the best-fit model. We argue that such average is 
necessary if one wants to compare the SFR derived from SED-fitting to that empirically derived the rest- 



-28- 



frame U V continuum, as the lifetime of O and B type stars is about 100 Myr. Since Elmegreen & Elmegreen 
(l2005h used the exponentially declining model, such average will elevate the SFR of clumps from the instan- 
taneous value of ~1 Mqyf^^ to several M0yr~^, consistent with our measurements. Overall, we conclude 
that the measurements of clump properties and, more importantly, the interpretation of the properties in the 
two studies are broadly consistent. 

Now, we compare clump properties statis tically in sample wise with oth er studies. The stellar masses 
of our clumps agree very well with tho s e of iForster Schreiber et all (l201lb . but are slightly larger those 
th at of Elmegreen & Elmegreenl (120051) : Elmegreen et al.! (l2009al) . The clumps in the NIC 2 sample of 



Forster Schreiber et al 



(1201 Ih span the stellar mas s range of IC^M© to lO^^M©, with a median mass of 



about 3 X IO^Mq. Elmegreen & Elmegreenl (12005) found a typical mass o f 6 x lO^M© for clumps in 10 



HUDF galaxies. However, a revisit of HUDF by Elmegreen et al.l (|2009ah with NICMOS images shows 
that clumps are typically in range of 1O''M0 to lO^M©. It is possible that the difference of stellar mass is 
resulted from sample selections. In our sample, we only choose galaxies with spectrosco pic observations. 



which would bias our sample toward UV/optical luminous (and hence massive) end, while Elmegreen et al. 



(|2009ah did not restrict their sam ple to spec-z and hence were able to detect clumps in fainter galaxies. As 
discussed in iGenzel et all (1201 ih . the Toomre mass of clumps is proportional to the mass of disks. Clumps 
detected in our possibly biased massive samples would therefore have higher clump masses. 



The SFRs of clumps in our study are broadly consistent with those of iGenzel et all (|201lh . who mea- 
sured the SFRs of clumps through extinction corrected Ha luminosity. Their SFRs (after being converted 
to a Salpeter IMF) run from a few Mqyi^^ to ~70 M0yr~^, with a median (mean) of 24 (28) Mqyi^^. In 
our sample, the SFRs of majority clumps cover a similarly wider range, from less than 1 Mqyi"^ to ~70 
M0yr~^, with a m edian (mean) of ^10 (~24) Mqyi"^. The consistency of SFRs in the two studies is en- 
couraging, because IGenzel et al.l (l201ll) and we have used two diffe r ent ph ysical mechanisms (nebular line 
emission and stellar color) to measure SFRs. Forster Schreiber et al.l (l201lh only measured SFR for galaxies 
as a whole. If we scale the SFRs of their host galaxies by the clump fractional contribution to H-band light in 
their study, typically 5%, the derived typical SFR of clumps is only a few M0yr~^, smaller than our median 
value. However, as we discussed in Sec. 14.31 as regions with enhanced SSFRs in "disks", clumps contribute 
more on S FR than on stellar mass (and h ence H-band light) to host galaxies. Therefore, the actual SFRs in 
clumps of Eorster Schreiber et all (|201ll) should be higher than the above scaled v alue, moving them closer 
to our measurement. In fact, one galaxy (BX 482) in Forster Schreiber et al.l (|201 ll) h as Ha measurement for 



each o f its clumps. We calculate the Ha derived SFRs for each of its clumps. Since Forster Schreiber et al. 



(I2OI ih did not report extinctions for individual clumps, we assume that the dust extinction of each clump 
is equal to the global extinction of BX 482, Ay = 0.8, measured through SED-fitting. We find that SFR 
varies from 5 M0yr~^ to 46 M0yr~^ for clumps in BX 482, with a median (mean) of 9 (14) M0yr~^, 
broadly consistent with our clump SFRs. Finally, we note that Ha is a measure of instantaneous SFR more 
than of the averaged SFR over the last 100 Myr, which we derive from our SED-fitting. The difference of 
the two SFR indicators may induce a bias when we compare the two types of SFRs. However, given the 
large uncertainties of measuring SFRs in both ways as well as the large scatter of SFRs of clumps, such a 
bias would not significantly affect our conclusions. SFRs measured through both Ha and SED-fitting on 
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larger samples are needed for carrying out more precise comparisons to better understand the star formation 
process in clumps. 

In terms of fractional contribution of light to h ost galaxies, we compare our m easurement on rest-frame 
UV/optical light to that on the observed emission of lForster Schreiber et alJ (120 llh . At z~2, the rest-frame U 
and V band emissions are redshifted to close to the Hiqq and ^814 bands in the observer's frame, validating 
the comparisons between the two papers. In our study, the typical individual clump contribution to the 
UV/Optical luminosity is ~5% (spreading over a wide range of 1% to 10%) and the total contribution of 
clumps in a galaxy is -^20%. We also find no significant diff erence between the clump con tributions to U- 
band and V-band light. These results are quite similar to what lForster Schreiber et al.l (120111) found with the 
HiQQ fluxes of their NIC2 clumps as well as isu emission in one o f the ir galaxy. The contributio n on ACS 
^775 band emission by clumps in Elmegreen & ElmegreenI ((20051) and Elm egreen e t al. ( 2009a) is typica l 
2%, slightly smalle r than our average value. However, given that galaxies inl Elmegreen & ElmegreenI (|2005h 
and Elmegreen et a l. (2009a) usually contain 5-10 clumps, about two tim es more than our ga laxies, the total 
contribution of clumps to host galaxies is about 25%, close to our value. IWuyts et all (|2012l ) found that the 
fractional contribution of clumps to the total light of their hosts has a mild dependence on the waveband 
used for identifying clumps, decreasing with the increasing of wavelength. They also found that for a giving 
identification band, the fractional contribution of clumps slightly decreases with wavelength. In their z~2 
sample, the fractional contribution of clumps to the total rest-frame U (V) light of their hosts is, on average 
for detections in 2800A, U, and V bands, 20% (17%), clos e to our values. Ho wever, we note that besides 
using a different sample selection criterion (mass-complete), IWuyts et all (120121) have two other approaches 
that are different from ours: excluding the central bulge of a galaxy as a clump and not subtracting diffuse 
background of hosts from clump light, each of which brings an effect to the fractional contribution opposite 
to the other. These results again highlight the fact that the contribution of clumps to the total light of their 
host galaxies is small, and the light distributions of galaxies are still dominated by diffuse components. 



6.2. Formation of Clumps 



In the commonly assumed framework that 
turbu l ent gas-rich Toomre-unstable disks (e.g.. 



2008 



Elmegreen et al 



Forster Schreiber et al 



2008 



Genzel et al.ll2008 



giant clumps are formed through g ra vitational inst ability of 



Noguchi 



Immeli et al 



2004a b 



1999 

Dekel et al.l2009bl : lCeverino et al 



Boumaud et al. 2007i. 
BOlol i benzel eTallboi ll : 



201 1|) . clumps have a characteristic scale and mass, namely the Toomre length and 



the Toomre mass. They represent the largest and fastest growing unstable mode that is not stabilized by 
rotation. Since we use a fix photometric aperture for all clumps, we lose the size information of clumps. 
However, we can still compare our cl ump masses with th e Toomre mass predicted by the in-situ fragmenta- 
tion scenario. We use Equation (5) in lGenzel et all (1201 ll ) to calculate the Toomre mass of disks: 
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where f young is the mass fraction of component of stars, and Mdisk is the total mass of disk, which is close 
to the baryonic (gas -i- star) mass in the central ~10 kpc of galaxies. The maximum clump mass that can be 
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formed in a uniformly rotationally supported gas disk is actually first derived bv Escala & LarsonI (l2008h : 



3 X lO^Mf^ ( — 
0.2 



7] 



W^Mq 



(2) 



where rj = Mgas/Mtot is the ratio of the gas mass to the total mass enclosed with a radius R. The maximum 
clump masses estimated by the two equations are in agreement within a factor of two. 

To apply Equation[T]to our galaxies, we assume a gas -to-baryonic mass fraction of 0.5, c l ose to the me 
dian value of the fraction observed by several authors (e.g.jErb et al I2OO6I : iGenzel et al I2OO8I : iTacconi et all 



20081 . boiol i lporster Schreiber et al.lEo09l : loaddi et allboiol) . Therefore, we have f young = 0.5 and M, 



'-disk 

is two times the stellar masses of the disks that are measured through SED-fitting. We compute the Toomre 
mass for each galaxy and compare the masses of clumps in the galaxy to the Toomre mass. The ratio be- 
tween clump mass and Toomre mass spans a wide range, from 0.05 to 3.5, with a median of 0.3. This result 
is encouraging, as it demonstrates that our clump masses are broadly consistent with the characteristic mass 
predicted by the scenario of disk instability. The statistically smaller masses of clumps are not contradictory 
with the prediction, as the Toomre mass is the maximum unstable mass. Moreover, Toomre mass is pro- 
portional to the third power of gas density and inve rsely proportional to the forth power of angular rotation 
speed (see Equation (2) of lEscala & LarsonI l2008h . Since both gas density and angular rotation speed are 
functions of radius, the Toomre mass also varies with galactocentric distance. In a disk with flat rotation 
curve and gas density decreasing with radius, the Toomre mass decreases with radius. Our clump mass dis- 
tribution is also consistent with this argument, as less dense (and hence less massive with given photometric 
aperture) clumps are found at large galactocentric distances. Overall, the clump masses in our sample are 
broadly consistent with the prediction of the scenario of gravitational instability. 

The in-situ fragmentation due to gravitational instability requires a gas-rich, turbulent and marginally 
unstable {Q ~1) disk as the birthplace of clumps. The existence of such disks cannot be directly in- 
ferred from our multi-band i mages; it has to be confirmed through the kinematics of star, gas or ISM. 



Forster Schreiber et all (120091) presented the spatially resolved gas kinematics of 62 star-forming galaxies 



at Z'--'l-3, measured through Ha and [N II] emission hnes observed by the Spectroscopic Imaging survey 
in the Near-infrared with SINFONI (SINS). They found that about one-third of galaxies in their sample are 
rotation-dominated yet turbulent disks, another one-third are compact and velocity dispersion-dominated 
objects, and the remaining one-third are interacting or merging systems. The also found that the fraction of 
rotation-dominated systems increases toward the massive end of the sample. Since almost all our galaxies 
have stellar mass larger than lO^'^M© and lie on the massive end of the mass spectrum of SINS sample, we 
expect that the fraction of rotation-dominated turbulent disks in our sample is higher than 40%. 



In fact, one galaxy in our sample, 27101, was observed by iBoumaud et all (l2008h through Ha field 
spectroscopy using SINFONI on VLT UT4. They found a large-scale velocity gradient throughout the 



'We note that the maximum clump mass is not the turbulent Jeans mass, which is often incorrectly interpreted in some of 
previous studies. The Jeans mass (and Jeans length), beyond which the disk cannot be stabilized purely by thermal pressure, 
is actually the smallest unstable mode that can be formed in a disk. We refer readers to lEscala & Larsoa I i2008i) for detailed 
discussions. 
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system, with large local kinematic disturbances. They also found a disk-like radial metallicity gradient in the 
galaxy. These findings can be most likely explained by the scenario of internal disk fragmentation, despite 
the complex asymmetrical merger-like morphology. However, another galaxy in our sample, 24919, shows 
an obvious interaction/merger signature. A long (tidal) tail is curving from its lower left part all the way to its 
upper middle part, as can be seen in its z-band image in Figure [TJ suggesting an ongoing interaction/merger, 
which might be responsible for the formation of clumps. To understand to which extension the in-situ 
fragmentation scenario is valid to explain the formation of giant clumps requires a large survey of kinematics 
of clumpy galaxies, in addition to their multi-band images. 

Another possible interpretation of the clumpy features in our sample galaxies is that these clumps 
do not actually represent any physical entities, but simply correspond to locations with lower line-of-sight 
dust obscuration in the host galaxies. This alternative arises from the fact that these clumps are bright in 
the rest-frame UV images. If this interpretation is true, the properties (e.g., age and SSFR) and observed 
radial variations of clumps would plausibly reflect those of the underlying galaxy population. Based on 
our previous results, however, we argue that this alternative interpretation is unlikely true and that clumps 
are physical entities with properties and formations differing from those of their host "disks". For clumps 
in the outskirts (e.g., r > OArxron) of galaxies, it is true that their dust obscuration is lower than that of 
interclump regions at the same galactocentric distance (the bottom left panel of Figure |7] However, these 
clumps also have systematically younger ages than their nearby interclump regions. The very young age 
(<100 Myr) of these clumps indicates that they are newly formed, possibly due to the instability induced by 
the cold accretion, which preferentially occurs in the outskirts of galaxies, in a relatively older (and hence 
stable) "disks". For central clumps, if they represented the underlying "disk" stellar populations but had 
lower dust extinction, their rest-frame colors should be bluer than their surrounding areas. However, this 
expectation is contradictory to our previous result, namely the rest-frame UV color of clumps is redder than 
that of central interclump regions (Figure |6l). In fact, the bottom left panel of Figure |7] shows that the dust 
extinction of central clumps is comparable to (or even higher than) that of central "disk" regions, if our SED- 
fitting technique does not significantly suffer from the age-extinction degeneracy. Overall, it is unlikely that 
the appearance of the clump features is simply due to lower line-of-sight extinction. As a result, clumps 
should have origins distinctive from that of "disk" stellar populations. 



6.3. Fate of Clumps 



There are two possible scenarios commonly proposed to explain the fate for giant clumps in z~2 
SFGs: they would (1) migrate toward the gravitational centers of their host galaxies due to interactions and 
dynamical friction against the surrounding disks and eventually coalesce into a young bulge as the progenitor 
of today's bulges or (2) be rapidly disrupted by stellar feedback, supernova feedback , or tidal torques during 
(or even before the beginning of) their migration toward centers. iDekel et all (l2009bh made a few predictions 
that observations can test for the possible fate of clumps. If the migration scenario is true and clumps survive 
for a migration timescale of ~0.5 Gyr, giant clumps would (1) have an age spread of ~0.5 Gyr; (2) be gas 
rich and forming stars at a high rate that is similar to the preceding few hundred Myr; and (3) have a radial 
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age variation in the sense that clumps at large disk radii are younger than --^O-S Gyr, while those at smaller 
radii are older. In contrast, if clumps are rapidly disrupted, they would (1) have smaller age spread, ~100 
Myr and (2) have no obvious age gradient with galactocentric radius. 

Our findings on the properties of giant clumps are reasonably consistent with the prediction of the 
inward migration scenario. The top right panel of Figure |7] shows that the age distribution of our clumps 
spans a wide range from <0.1 Gyr to a few Gyr. The age spread is comparable to the prediction of ~0.5 Gyr 
of the migration scenario, but significantly larger than the prediction (~ 100 Myr) of the disruption scenario. 
If no background subtraction is applied to our clumps, the age spread (see in Figure |9ll is even closer to the 
prediction of the migration scena rio. The radial age v ariation of our clumps is also strongly in favor of 
the migration scenario. Recently, ICeverino et all (120 12h discussed the internal support of the in-situ giant 
clumps in gravitationally unstable disks at high redshift, using both an analytic model and high-resolution 
hydro adaptive mesh refinement simulations. They predicted a steep age gradient of clumps throughout their 
host disk due to the formation of giant clumps in the outer parts of the disk and their inward migration to 
form a bulge in the disk center. Our results agree very well with their predictions: clum ps at d > 0.5 have 
the mean age of ~100 Myr, while those at d < 0.1 ~ 700 Myr. ICeverino et all (|2012h even predicted that 
the age gradient of clumps is steeper than that of interclump stars. Such prediction is similar to our results in 
Figure |7] and hence strengthens our argument on the inward migration scenario. Another piece of evidence, 
interesting but largely uncertain, is coming from the SFH of clumps. As described in Sec. |3l we fit each 
clump with three types of SFHs: exponentially declining, exponentially increasing and constant. We then 
choose the most likely SFH based on the reduced of the best-fit of each SFH. About 70%-80% of clumps 
are thus cla s sified a s having constant SFH, agreed with the above prediction of the migration scenario of 
Dekel et all J2009b l). However, we note that the SFH derived from SED-fitting is approximate and severely 
model dependent and can only be used as a loose constraint on predictions. Overall, we conclude that the 
age spread and radial variation indicate that these clumps might eventually migrate into the centers of their 
host galaxies. 

It is also possible, however, that not all clumps can survive long enough to migrate into the gravita- 
tional centers. Some of them might still be di srupted, possibly by th e stellar feedback (w hile the effect of 
supemovae feedback seems unimportant (see IPekel et al.l (l2009b|))). iGenzel et al.! (|201lh observed strong 
outflows in their clumps, with a rate as large as or even larger than SFRs. They also estimated the gas expul- 
sion time due to outflows, which ranges from 170 to 1600 Myr from clump to clump. A hint of the disruption 
of clumps can also be inferred from the radial age variation of clumps (the top left panel of Figure |7] and 
Figure|9l). In this figure, we find no clumps with age <100 Myr at small galactocentric radius (d < 0.1). The 
reason of the dearth of young central clumps could be either that young clumps are preferentially formed at 
large radii or that young clumps at small radii are rapidly disrupted due to the somehow stronger outflows 
or interactions. If the latter is true, the disruption timescale (or lifetime) of clumps should have a relation 
with the their densities, because due to their shallower potential wells and less concentrated structures, low 
density clumps are easier to be disrupted by either outflows or tidal torques than high density clumps. 

Figure[TO]shows that the age of clumps increases with the stellar surface densities of clumps. The upper 
envelope of the relation provides a rough estimate on the lifetime for clumps with different stellar surface 
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Fig. 10. — Age-stellar surface density relation of clumps. Symbols and colors are same as those in Figure 
m A constant background has been subtracted for clumps in this figure. 
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densities. For example, no clumps with density of IO^Mq /kpc^ are older than 100 Myr, suggesting that 
the lifetime of this type of clumps is ~100 Myr. While for clumps that are one order of magnitude denser, 
their lifetime could be up to 1 Gyr. However, we note that we cannot rule out an alternative scenario that 
all clumps are formed at large radii and become old and concentrated when they migrate toward galactic 
centers. 



6.4. Ongoing Bulge Formation? 



If the inward migration scenario is true, one would expect to find bulges or at least ongoing form- 
ing bulges in a fractio n of SFG s. Clumps are ob s erved within a wide redshift range , from z~4 
( ELmegreen et all EoO?!) to -l^I (e.g., Genzel et al. 2008 . 2011 : Forster Schreiber et al. 2011 ) or to even 
lower redshift. Moreover, v ery young clumps are observed at z~'2 in our sample or other studies (e.g., 
Forster Schreiber et al.ll201lh . These observations show that the formation of clumps is a continuous pro- 
cess that at least lasts over the cosmic time of ~ 1 .7 Gyr from Z'~4 to z~2. If we assume a constant clump 
formation rate over the cosmic time and a bulge formation (due to the coalescent of clumps) timescale of 1 
Gyr, a few times the migration timescale of clumps, the fraction of SFGs that contain a young bulge at Z'--'2 
should be (1.7-l)/1.7x 100%'~40%. If the clump formation rate increases with redshift, the bulge fraction 
would be lower, as the majority of newly formed clumps have insufficient time to coalesce into bulges, and 
vice versa. 



We roughly estimate the bulge fraction in our sample through the following ways: 



1. Morphology and color. Bulges are believed to have spheroid-like morphology and be redder than 
other components if they are older. They also tend to reside in the gravitational centers of galaxies. 
By simply looking at the mosaics of our sample in Figure [TJ we identify five galaxies (21852, 22284, 
24033, 24684, 27101) that contain such a component that satisfies the above conditions. This bulge 
fraction (50%) is broadly consistent with what we estimated above based on the bulge formation 
timescale (40%). We note that although morphology and color are a relative easy way to identify 
bulges, they suffer from the age-dust degeneracy as well as the problem of subjectivity. A more 
accurate bulge identification requires other pieces of information, such as the kinematic information 
of bulges. 

2. Stellar mass: As we discuss in Sec. 16. 3[ the Toomre mass is the maximum unstable mass that the 
Jeans-unstable mode not stabilized by rotation can generate. If the mass of a clump is far larger than 
the Toomre mass in its host disk, the clump may not be a direct result of disk fragmentation. Instead, 
it could be a coalesced result of a few clumps. In our study, a clump is considered a bulge if its 
stellar mass is three times larger than the Toomre mass. In our sample, four galaxies (23013, 24033, 
24684, 27101) contain such super-Toomre mass clumps. Moreover, these super-Toomre mass clumps 
are all close to the H-band light centers — an approximation of the gravitational centers — of their 
host galaxies. This sub-sample is largely overlapped with the sub-sample that we identify through 
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morphology and color, with 3/4 of the former being in the latter. The bulge fraction of 40% measured 
in this way also agrees very well with our prediction. However, we note that using stellar and Toomre 
mass to set constraint on the bulge fraction critically relies on the accuracy and interpretation of the 
Toomre mass. Therefore, it can only be treated as a rough estimate. 

3. X-ray detection: It is now widely accepted that super-massive black holes (SMBHs) are residing in 
the center of massive galaxies and co-evolve with bulges. The masses of SMBHs are observed to 
correlate strongly with both the fourth power of the velocity dispersion of bulges and the first power 
of the bulge masses. Also, recent theoretical models predict that the internal violent processes, such 
as clump-clump int eraction, tidal force, et c., would feed gas to the center of galaxies to form bulges 



as well as SMBHs iBoumaud et al.l (120111) . If bulges have been formed in our sample, we would 
expect some of our galaxies to be detected as AGN in X-ray due to the energetic feedback released 
by their accompanying SMBHs. Indeed, four galaxies (23013, 24684, 24919, 27101) in our sample 
have significant detections in the Chandra 4Ms imaging ofCDFsS, with three detected in both the soft 
and hard bands and one (27101) only in the soft band. At such high redshift (z~2), all these X-ray 
sources have high luminosities that can only be generated via AGN (Lx> 10^^ ergs~^). This finding is 
encouraging, since this X-ray detected sub-sample is prominently overlapped with the super-Toomre 
mass sample that we just discussed above, with 3/4 of the former is found in the latter. The only 
exception. Galaxy 24919 shows an extraordinary red lane in its z-H color map. Regardless of the 
component of the lane, i.e., old stars or dust, its existence indicates that the galaxy is undergoing a 
dramatic violent process, possibly merger, a common way to form bulges. Including that, the bulge 
fraction inferred from X-ray detection is well agreed with our prediction of 40% as well as that induced 
from Toomre mass. 

4. Age: Bulges should contain old stellar populations with ages older than a few times of the migration 
timescale of clumps (~0.5 Gyr). In our sample, only two galaxies (24686 and 27101) contain clumps 
with age older than 1 Gyr. Moreover, these clumps are very close to the centers of host galaxies. 
These findings indicate that these clumps could be bulges rather than newly formed clumps. The two 
galaxies also satisfy all above three criteria. Therefore, age provides the most restricted constraint on 
the bulge fraction and yields the smallest fraction (20%). However, we note that the age measured 
through SED-fitting is actually a light-weighted average age for both old and young population. In 
our clumps, since their SFRs have not been fully quenched, the new formed population would drag 
the measured age toward the young side. Therefore, some other clumps with age close but less than 1 
Gyr may also contain populations as old as 1 Gyr and hence be candidates of proto-bulges. 



Overall, our estimations yields a bulge fraction in our sample of z~2 clumpy galaxies from 50% 
through morphology and color to 20% through age. The most likely fraction of 40%, obtained by the 
prominent overlapping of super-Toomre mass and X-ray detection, is very close to our prediction based on 



^http://cxc.harvard.edu/cda/Contrib/CDFS.html 
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the migration timescale of clumps. This result suggests that bulges have been likely formed through the 
coalescence of giant clumps in our sample of il^2 clumpy galaxies and this process is still going on. 

However, one should be cautionary when generalizing the conclusion to the general bulge formation 
of SFGs at z~2. First, our sample is limited to only ten galaxies selected to be particularly clumpy and 
is biased toward UV bright, blue, and large galaxies, as discussed in Sec. 12.21 Seco nd, our work cannot 
fully rule out other processes as the mechanisms of general bulge formation at z~2. iGenzel et al. I (Boor . 



20111) studied the possible rapid disruption of clumps via vigorous outflows and the kinematic signatures 



of inward gas streaming motions in clumpy disks. These signatures suggest that the gas inflows that are 
fed to the centers of galaxies through internal violent processes may play an important role in building 
bulges along with clu mp migration, as highlighted in some of the most recent numerical simulations (e.g.. 



Boumaud et al.ll201 Ih . Furthermore, given the fact that some objects in our sample may be merging systems. 



e.g.. Galaxy 24919, the role of merger on building bulges cannot be fully excluded. It is very likely that 
more than one process could be responsible for early bulge building at z~2. To understand the contribution 
of each possible mechanism requires further investigations with larger samples and newer observations. 



7. Summary and Conclusion 

In this paper, we study the properties of kpc-scale clumps in z~2 SFGs through broad band multi- 
wavelength photometry. We identify clumps through a hybrid of auto-detection and visual inspection from 
ten galaxies with spec-z between 1.5 and 2.5 in the HUDF, where the recently available deep HSTAVFC3 
images, together with HST/ACS images, enable us to resolve into kpc-scale at z~2 and detect clumps 
toward the faint end. Using the spatially resolved seven-band (BVizYJH) photometry, we measure physical 
properties of clumps through SED-fitting and allow the fitting to choose the best-fit parameters through 
three types of SFHs: exponentially decreasing, exponentially increasing, and constant. We also measure the 
properties of "disks", namely the diffuse components of the host galaxies. The main results of our paper are 
summarized as follows: 

1. The number of clumps in our galaxies runs from 2 to 5, with a median of 4. The total number of 40 
clumps enables us to study the physical properties of clumps with sufficient number statistics. 

2. Most of our clumps have blue rest-frame UV-optical colors that are similar to the colors of their 
surrounding "disks" or their host galaxies as a whole. Only few clumps are as red as quiescent 
galaxies at z~2. The CMD of clumps indicates that they are still actively forming stars. 

3. The SFR-stellar mass relation of clumps and "disks" have almost the same slopes, but that of clumps 
has higher normalization, converting to higher SSFR. However, the SFR-stellar mass relation of the 
host galaxies as a whole is still dominated by "disk", as both SFR and stellar mass of host galaxies are 
largely contributed by "disks". This shows that clumps are regions with enhanced SSFR in "disks". 



4. 



An individual clump typically contributes a few percent of the rest-frame UV/optical luminosity and 
stellar mass to its host galaxy. Together, all clumps in one galaxy typically contribute 20% of the 
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luminosity and stellar mass of the host galaxy. The contribution of clumps on SFR is higher, individu- 
ally about 10% and together 50% of the host galaxies, consistent with the fact that clumps are regions 
with enhanced SSFR. 

5. Clumps differ from their surrounding area in terms of age and stellar surface density. On average, 
clumps are younger by 0.2 dex and denser by eight times than their "disks". There is no obvious 
difference between the E(B-V) distributions of the two components. In terms of rest-frame U-V color, 
both components have similar median values, but clumps spread over a broader range, which may 
indicate the different SFHs or evolutionary stages of clumps. 

6. Clumps have obvious radial variations on their properties. Clumps close to the centers of their host 
galaxies (the Kron radius scaled projected distance d < 0.1) are 0.7 mag redder in rest-frame U-V 
color than those in outskirts (d > 0.5). Spatially resolved SED-fitting shows that the color trend can be 
explained by the combination of radial variations of age and dust extinction. Central clumps (d < 0.1) 
are typically 600 Myr older and more extincted (E(B-V) larger by 0.2) than those in outskirts, with the 
latter is typically 100 Myr old and having E(B-V)~0.2. The central clumps are also 25 times denser 
than their outskirt counterparts. However, the trend of SSFR is slightly weak, only increasing by a 
factor of five from the central to outskirts. 

7. The radial variations are affected by the scheme of diffuse background subtraction, but our conclusions 
are unaffected. Besides the above results with a constant background subtraction, we also study 
the radial variations under other two background subtraction schemes: local subtraction and zero 
subtraction. All the trends observed in the constant subtraction scheme are reserved in the two new 
cases of subtractions, but with strength weaken. The change of the strength is largely caused by the 
redder color of outskirt clumps in new subtraction schemes than in the constant subtraction scheme. 
The central clumps are now only 0.5 mag redder and 300 Myr older than outskirt clumps. The trend 
of E(B-V) does not significantly change. And the trend of stellar surface density is still prominent, 
with the central ones still 10 times denser than the outskirt ones. The SSFR trend is weaken the most, 
with a difference only a few times between centers and outskirts. Arguing that the real trends would 
reside between the two extreme cases of background subtraction: constant and zero, we conclude that 
central clumps are redder, older, more extincted, denser, and less active on forming stars than outskirt 
clumps. 

8. The host "disks" (interclump regions) exhibit mild gradients of rest-frame UV color, age, and dust 

extinction. However, these gradients are significantly weaker/flatter than those of clumps. The results 
suggest that (1) the observed color and property gradients of clumps are not a simple reflection of 
those of host "disks"; (2) the color and property gradients of "disks" contribute to, if any, only a small 
part of the gradients of clumps; and (3) the evolution of clumps is dynamically separated from those 
of "disks". Thus, we claim that mechanisms such as the inward migration are needed to explain the 
steeper gradient of clumps. A further test also shows that the use of different background subtraction 
schemes does not significantly change this result. 
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9. Our measurements of the properties of clumps are broadly consistent with those of previous observa- 
tional studies. They are also consistent with the clump formation mechanism that clumps are formed 
through gravitational instability in gas-rich turbulent disks, proposed by several theoretical work and 
numerical simulations. However, we cannot rule out the scenario that clumps are formed through 
external violent processes, e.g., interactions and mergers, as a couple of galaxies in our sample show 
merger signatures. 

10. The obvious radial variations of clump properties, especially the radial age variation, are consis- 
tent with the hypothesis that clumps would migrate toward the centers of their host galaxies, with 
a timescale of ~0.5 Gyr, and eventually coalesce into young bulges. However, the dearth of young 
clumps in the central regions of galaxies reminds us that not all clumps are able to survive enough 
to migrate into centers. We argue that the lifetime of clumps is correlated with their stellar surface 
densities. Only clumps that are dense enough can survive long enough to sink into the centers. 

1 1 . We roughly estimate whether some clumps in our sample are actually coalesced bulges or proto-bulges 
through a few ways: morphology and color of clumps, stellar mass of clumps. X-ray detection of 
galaxies, and age of clumps. The bulge fraction, namely the fraction of galaxies that contain bulges, 
in our sample is 20%-50%, depending on the way of constraint. This result is broadly consistent 
with the prediction based on the migration timescale of clumps. We argue that the process of bulge 
formation is ongoing in our z~2 sample. 



We note that our sample only contains 10 galaxies and thus is likely subject to small number statis- 
tics incompleteness. Also, our results apply strictly to galaxies with relatively large UV luminosity, since 
our sample only includes cases with spectroscopic redshifts. In order to obtain a robust statistical charac- 
terization of the properties of clumps, including their dependence on radial separation from the center of 
the galaxies and the fraction of clumpy galaxies at z~2, a much larg er sample covering a wider range of 



both luminosity and stellar mass is needed. The ongoing CANDELS (iGrogin et al.ll201 Ik iKoekemoer et al. 



20111) is beginning to provide deep images over a larger sky area, ^ 0.5 square degree, to answer these 



questions. Moreover, the deep NIR observation of CANDELS will significantly improve the accuracy of the 
photometric redshi ft measurements at Z'--'2, enabling us to construct deeper samples not limited by spec-z. 



Wuyts et all (|2012l ) already used part of CANDELS data to study the profiles of color, surface stellar mass 



density, age, and extinction of a large sample of massive SFGs and to address clump properties. Their ap- 
proach is different from ours, as we try to identify clumps and separate the light and properties of clumps 
from those of the diffuse background of host galaxies, while they focused generally on regions with excess 
surface brightness and did not subtract the diffuse background light from clumps. Both approaches are 
complementary to each other and needed to obtain a robust view on the nature and fate of clumps. In a 
future paper we will report on a study similar to the one discussed in this paper that takes advantage of the 
CANDELS data set. 



We thank the anonymous referee for constructive comments that improve this article. 
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Table 1: Properties of Star-forming Galaxies at z~2 



ID 




RA 


DEC 
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Mstar 
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E(B-V) 
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Mv 






JzUUU 


J/UUU 




Log^M^/JViQ,) 


Mg/yr 
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53, 


.1422430 


-27.7954120 


2.016 


10.28± 0.05 


30.45± 6.09 


0.20±0.05 


0.64±0.00 


-21.50± 0.00 


21739 


53, 


.1485260 


-27.7969040 


1.765 


9.92± 0.02 


33.64± 6.73 


0.10±0.05 


0.23±0.00 


-21.54± 0.00 


21852 


53, 


.1492150 


-27.7788090 


1.850 


10.35± 0.04 


40.35± 8.07 


0.25±0.05 


0.61±0.00 


-21.42± 0.00 


22284 


53, 


.1516190 


-27.7964320 


1.767 


10.51± 0.12 


51.32± 10.26 


0.15±0.05 


0.48±0.00 


-22.15± 0.00 


23013 


53, 


.1556430 


-27.7792950 


1.846 


10.73± 0.10 


162.39± 32.48 


0.30±0.05 


0.62±0.00 


-22.51± 0.00 


24033 


53, 


,1616630 


-27.7874320 


1.836 


10.79± 0.15 


lll.OOi 31.07 


0.35±0.06 


0.77±0.00 


-22.10± 0.00 


24684 


53, 


.1655460 


-27.7697760 


1.552 


11.06± 0.07 


10.93± 6.60 


0.20±0.13 


1.36±0.00 


-21.92± 0.00 


24919 


53, 


.1668940 


-27.7987410 


1.998 


11.02± 0.02 


423.67± 84.73 


0.40±0.05 


0.74±0.00 


-23.03± 0.00 


26067 


53, 


,1743180 


-27.7825190 


1.994 


10.61± 0.11 


64.39± 12.88 


0.25±0.05 


0.67±0.00 


-21.97± 0.00 


27101 


53, 


.1817060 


-27.7830010 


1.570 


10.21± 0.05 


64.68± 17.49 


0.30±0.05 


0.69±0.00 


-21.46± 0.00 


Table 2:: Properties of Clumps and "Disks" 


ID 1 




ID2 1 


d M, 


2 

star 


SFR 


E(B-V) 


age 


U-V 


Mv 



Galaxy Clump ^si2L log(M0) Moyr^ 



Gyr 



20565 


1 


0.24 


8.80± 0.00 


3.77± 0.75 





.25 ±0, 


.05 


0.20±0, 


.00 


0.35±0.17 


-18 


.30± 0.14 








8.88± 0.04 


4.45± 0.89 





.25±0 


.05 


0.20±0, 


.02 


0.40±0.14 


-18, 


.52±0.12 








8.77± 0.00 


3.49± 0.70 


0, 


.25±0, 


,05 


0.20±0, 


.00 


0.32±0.15 


-18, 


.20± 0.13 


20565 


2 


0.01 


9.27± 0.05 


7.52± 2.04 


0, 


,30±0, 


,05 


0.30±0, 


.04 


0.69±0.14 


-19, 


.15±0.12 








9.42± 0.03 


5.40± 2.01 


0, 


.25±0, 


.05 


0.60±0, 


.05 


0.68±0.13 


-19, 


.25±0.10 








9.15±0.02 


5.62± 1.23 


0, 


.30±0, 


.05 


0.30±0, 


.02 


0.67±0.19 


-18, 


.80±0.15 


20565 


3 


0.16 


9.05± 0.06 


6.72±2.23 


0, 


,30±0, 


.05 


0.20±0, 


.03 


0.61±0.15 


-18, 


,77±0.12 








9. 11 ±0.06 


7.66± 2.55 


0, 


.30±0, 


.05 


0.20±0, 


.03 


0.62±0.14 


-18, 


.92± 0.12 








9.08± 0.09 


48.18± 26.62 


0, 


.30±0. 


.05 


0.40±0, 


.13 


0.54±0.20 


-18. 


.62±0.18 


20565 


D 




10.24± 0.03 


24.62± 4.92 


0, 


.20±0, 


.05 


0.90±0, 


.07 


0.66±0.00 


-21, 


.20± 0.00 








10.28±0.05 


30.45± 6.09 


0, 


,20±0, 


.05 


0.60±0, 


.06 


0.64±0.00 


-21, 


.50± 0.00 








10.31±0.05 


32.69± 6.54 


0, 


.20±0, 


.05 


0.60±0, 


.06 


0.65 ±0.00 


-21, 


.59± 0.00 


21739 


1 


0.25 


8.97± 0.04 


5.52± 1.10 





.20±0 


.05 


0.20±0, 


.02 


0.40±0.11 


-18 


.98± 0.08 








9.03± 0.03 


6.37± 1.42 





.20±0, 


.05 


0.20±0, 


.02 


0.38±0.10 


-19, 


.11±0.07 








8.86± 0.04 


4.33±0.87 


0, 


,20±0, 


.05 


0.20±0, 


.02 


0.41±0.12 


-18, 


.71±0.10 


21739 


2 


0.22 


8.16±0.00 


14.84± 2.97 


0, 


.25±0, 


.05 


0.01 ±0, 


.00 


0.12±0.11 


-18, 


.52± 0.07 








8.23± 0.00 


17.36± 3.47 


0, 


.25±0, 


.05 


O.OliO, 


.00 


0.14±0.09 


-18, 


.71±0.07 








8.12± 0.00 


13.47±2.69 


0, 


.25±0, 


.05 


0.01 ±0, 


.00 


0.03±0.12 


-18, 


.35±0.10 


21739 


3 


0.07 


7.97± 0.29 


9.51±2.38 


0, 


.20±0, 


.06 


O.OliO, 


.01 


-0.04±0.13 


-18, 


.24±0.10 








8.65 ± 0.07 


1.77±0.45 


0, 


.05±0. 


.05 


0.30±0, 


.08 


O.OlzbO.lO 


-18, 


.49±0.08 








7.87± 0.00 


7.53±1.51 


0, 


.20±0, 


.05 


O.OliO, 


.00 


-0.08±0.18 


-17, 


.95±0.14 


21739 


4 


0.34 


8.09± 0.02 


0.50± 0.10 


0, 


,05±0, 


.05 


0.30±0, 


.03 


0.15±0.17 


-17, 


.18±0.10 








8.27± 0.07 


0.61±0.12 


0, 


.00±0, 


.05 


0.20±0, 


.03 


0.19±0.09 


-17, 


.73± 0.07 








8.30± 0.05 


0.49±0.10 


0, 


.05±0, 


.05 


0.50±0, 


.06 


0.24±0.14 


-17, 


.31±0.10 


21739 


5 


0.52 


7.74± 0.10 


0.70±0.51 


0, 


.05±0, 


.05 


0.09±0, 


.03 


0.13±0.18 


-17, 


,04±0.13 



-47- 



Table 2 - continued 



IDl ID 2 d Mstar SFR E(B-V) age U-V Mv 



Galaxy Clump logCMg) Mgyr"! Gyr 









o 1Q-I- n 01 
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O'^+O 0"^ 
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^1 t Jy 
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Q QO-I- 09 
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91 S4+ 00 








Q Qf\-^- 09 
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A ^0+0 0^ 


94+0 00 


9 1 #,4-1- 00 


21852 


X 


37 

U.J / 


8 84+ 07 


9 09+ 49 


A 95+0 05 


A 40+0 07 


A 59+0 1 S 


.17 Q7-1- A 19 








Q Q-i-L 08 


Z.D i Hz U. JZ 


u.zjzzu.uj 
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U.H-UzlzU.U / 
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Q 89+ 0^ 


1 1 7_|_ f\ <;7 
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1 7 7Q-I- 14 

- 1 / . / OZIZ U. It- 






n in 


Q 01 + 08 


J. J / m u.o / 


9S-I-0 OS 
U.ZJZlZU.UJ 


90-1-0 0^ 
U.ZUZIZU.Uj 


A7-I-0 1 ^ 
U.O / ZlZU. 1 J 


1 S SS-I- OQ 
-lo.Joziz U.uy 








Q 1 ^-1- 10 


OQ-i- n f\0 

J.U^ZIZ U.DZ 


9S-I-0 OS 
U.ZJZlZU.UJ 


'?0-l-0 07 
U. jUZIZU.U / 


U.DDZlZU. IH- 


1 S 74-1- 10 
- lo. / H-ziz U. lU 








Q 0S+ 0^ 


z. / U.J J 


^0-1-0 OS 

U. JUZIZU.UJ 


SO-l-0 0^ 

U. JUZIZU.UJ) 


A8-I-0 99 
u.uo ZIZU. zz 


1 1 1 S 

-iO. i JZIZ U. i J 


91 8S9 


-I 




c 8^+ 0^ 


Z.t)"ZII u. / / 


9S-1-0 OS 

U.ZJZIZU.UJ 


^0-1-0 09 

U. jUZIZU.UZ 


SI -1-0 1 8 
U.J 1 ZIZU. lo 


1 1 7-1- 1 9 

1 0. 1 / ZIZ U. IZ 








Q 00+ 04 


9 07-1- n Al 

Z.U / ZC U.H- 1 


90-1-0 OS 

U.ZU3ZU.UJ 


^iO-l-0 OQ 

U.DUZIZU.U!/ 


S'^-l-0 1 f\ 

U.J JZIZU.ID 


1 S 40-1- 10 

lO.T-UZIZ U.IU 








8 '54+ 0^ 


9 07-1- 41 

Z.U / ZIZ U.*+ 1 


9S-I-0 OS 

U.ZJZIZU.UJ 


90-1-0 09 


4f^-l-0 9Q 

U.H-DIjZU.Z!? 


17 99 


91 S'^9 


4 


n HQ 


Q ^4+ 0^ 


U.U / ZIZ 1 . J J> 


40-1-0 OS 

U.T-UZIZU.UJ 


40-1-0 0^ 

U.H-UZIZU.UJ 


SO-l-0 14 

U.oUZIZU. I'-T 


10 A9-I- OQ 

-lO.OZZiZ U.U" 








q 40+ 0^ 


^ 99-L 1 04 


^S-^0 OS 

U. J JZIZU.UJ 


AO-hO OfS 

U.UUZIZU.UU 


77-kO 14 

U. / / ZIZU. It- 


-18 78+ OQ 

10. / OZlZ U.U" 








Q 97-1- 04 


1 QR-I- 9 90 
1U.70Z1Z z.zu 


AS-l-0 OS 
U.DJZlZU.UJ 


90-1-0 09 
U.ZUZlZU.UZ 


1 OS-l-0 '?7 

1 .UJZIZU. J / 


1 7 RO-I- 9S 
- 1 / .oUziz U.ZJ 


21852 


D 




9.99± 0.15 


10 83+ 2 91 




Q 30+0 07 


AO+O 00 
\j 


-21 12+ 00 








If) f) f)4 


T^vy. J-J— 1— OA/ / 


A 9S+0 OS 
\J .A~J .\J~J 


A 70+0 07 


(SI +0 on 

V7.VJ i 1 w ■ WW 


.91 49+ 00 








If) 4.1 -(- A AT 


4A 1 1 -L Q 99 


A 9S+0 OS 


70+0 Ofi 


Al +0 00 


_9i 55-1- 00 


99984 


1 
1 




8 8/i+ 0/i 
O.ODIII U.UO 


9 Q9-I- 1 7Q 


1 0+0 OS 


A ^0+0 OS 


9/i+0 14 


10 01 + 010 








o QA-I- 0^ 


S 47+ 1 99 


1 S+0 OS 


90+0 09 


^0+0 1 


1 q 1 A-U 08 








Q 79-1- 04 


9 08+ 49 


A 1 0+0 OS 


A ^0+0 OS 


A ^^+0 1 Q 


1 Q 57+ 14 

10. J / m U. It- 


99984 


9 


n 1 1 


Q 47+ 1 1 


a 7fi+ 75 


A 9S+0 OS 


40+0 OQ 


84+0 1 4 


-1Q 98+ 10 








9.4Z± O.lo 


o n 1 A CO 
Z.91± O.DO 


A OAJ^A AC 
O.ZOltO.OD 


A QAJ^A 1 1 
0.30±0.1i 


A no A^f\ 1 A 

0./o±0.10 


1 n ynj^ A AO 
-i9.4/± 0.08 








9.38±0.12 


1.89±0.38 


0.25±0.05 


0.60±0.13 


0.92±0.17 


-18.84± 0.13 


22284 


3 


0.39 


7.70± 0.00 


5.11± 1.02 


0.20±0.05 


O.OliO.OO 


-0.16±0.20 


-17.43±0.15 








8.43± 0.07 


3.07±0.62 


0.15±0.05 


0.10±0.02 


0.12±0.12 


-18.21±0.08 








7.61 ±0.00 


4.13±0.83 


0.20±0.05 


O.OliO.OO 


0.00±0.26 


-17.32± 0.20 


22284 


D 




10.42±0.01 


64.88± 12.98 


0.20±0.05 


0.50±0.02 


0.48±0.00 


-21.99±0.00 








10.51±0.12 


51.32± 10.26 


0.15±0.05 


0.80±0.21 


0.48±0.00 


-22.15±0.00 








10.36±0.11 


51.99± 10.40 


0.15±0.05 


0.30±0.07 


0.48±0.00 


-22.23± 0.00 


23013 


1 


0.04 


10.03±0.01 


63.07± 12.61 


0.55±0.05 


0.20±0.00 


0.84±0.12 


-20.07± 0.09 








10.08± 0.04 


48.06±9.61 


0.50±0.05 


0.30±0.03 


0.81±0.11 


-20.19±0.07 








9.89± 0.04 


30.98± 6.20 


0.50±0.05 


0.30±0.05 


0.84±0.16 


-19.76± 0.11 


23013 


2 


0.35 


9.01±0.07 


11.72± 2.38 


0.30±0.05 


0.10±0.02 


0.42±0.15 


-18.97±0.10 








9.25± 0.05 


17.40± 3.70 


0.30±0.05 


0.20±0.05 


0.46±0.11 


-19.28±0.09 








8.80± 0.02 


9.06± 1.81 


0.30±0.05 


0.08±0.00 


0.39±0.18 


-18.65±0.14 


23013 


3 


0.19 


9.29± 0.01 


22.52± 4.50 


0.45±0.05 


O.lOiO.OO 


0.66±0.17 


-19.11±0.11 
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A 


U.DJ 
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O.ZJZII U. i o 


A.Kj^zn o.j>o 




1 0-1-0 07 
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1 0^+ 06 








o.Ujzn \J,\JZ 
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07-1-0 00 


1 1 -1-0 1 7 


1 7 #,7-1- OQ 




1 J 






1^1 ^^-i- 9^; 97 


70-1-0 0"^ 


40-1-0 OS 


f\^ -1-0 00 


99 9Q-I- 00 










1 67 ^7 zLS 


^0+0 OS 


40-1-0 08 


69-1-0 00 


99 SI -1- 00 










1 lf% Af\A- 7Q 


^0-1-0 OS 


40-1-0 07 


69-1-0 00 


77 61 -1- 00 




X 


30 


y ,\jy -i— \j,\j'-T 


AQ A-l-L- ai 14 

T^7.T^J— 1— JJ-.J-T^ 


9S-I-0 05 


40-1-0 03 

\J ."-ryj -L-\J ,\J J 


sn-l-O 14 

\J ,^\J -i—\J , L'-T 


-18 88+ 1 1 

AO.OO— L yj.LL 








Q 97-1- n 1 n 


<j. 1 1 -L 97 97 


9S-I-0 OS 

D.ZJZIZD.DJ 


f^O-l-0 1 7 

D.DDZIZD. 1 / 


SA-l-0 1 9 

D. Jt-ZIZD. IZ 


1 Q 1 0-1- OQ 

-1!7.1DZC D.D" 








0.0 / ZC W.Wt- 


IT-.OJZIZ J.iU 


9S-^0 OS 


90-kO 09 


\j.'-tJ ZIZW. i U 


_1 f.^-L. 19 
i .U J ZIZ U. i z. 




9 


19 




Q f.f.-\- ^ 07 
^.ooziz j.y / 


^S-l-0 OS 

D. J) JZIZD.DJ 


AO-l-0 1 1 

D.T-DZIZD. 1 1 


7S-I-0 1 fx 

D. / JZIZD. ID 


1 Q 99-1- 1 

Ly .AAZl. D.ID 










11 OS-I- 7 A9 


^S-l-0 OS 

D. J JZIZD.DJ 


AO-hO 1 f\ 

D.T-DZIZD.ID 


7S-I-0 1 S 

D. / JZIZD.I J 


1 Q ^Q-L OQ 
-l".JOZC D.D" 








Q 90-1- 0"^ 


^7-1- 1 97 

D.J / ZIZ 1 .Zr / 


^S-l-0 OS 

D. J JZIZD.DJ 


^0-1-0 09 

D. jDZIZD.DZ 


71 -UO 91 

D. / J- □ZD.Z-1 


1 79-1- 17 

- / ZrZIZ D. 1 / 




J 




1 f\ 9^-1- OQ 


T-i .^UZIZ 0. J" 


AS-l-0 OS 


SO-l-0 0^^ 


1 IQ-UO 1A 


1 Q /C^-L OQ 










9< 94.-U s OS 


SS-^0 OS 


QO-hO 1 8 

D."DZ1Z\J. 1 


1 1 A-hO 1 1 


_iQ 7<:-L 08 
ly./ jzc 








10 11-1-0 10 


14 90-1- S OS 


70-1-0 OQ 

D. / DZIZD.D" 


^0-1-0 09 

D. jDZIZD.DZr 


1 AS-l-0 lf\ 

1 .H- J ZIZD.ZD 


1 Q 07-1- 1 S 




A 


n 97 


Q ^^-L A A/1 


1 1 9^-1- 9 9S 


SO-l-0 OS 

D. JDZIZD.DJ 


^0-1-0 0^ 


70-1-0 1 7 


1 1 1 

-iO. JoZC D. i i 










1 77-1- 9 1 S 


4S+0 OS 


AO-l-0 07 


71 -1-0 1 A 


1 9.f,^ OQ 








Q 90-1- n on 


y.'4-OZiZ i.yU 


SO^O OS 
D. JDzlzD.DJ 


90-1-0 00 
D.ZDZlzD.DD 


7'^ -1-0 a 


1 90-1- 1 S 
- 1 o.Zjziz D. 1 J 




Pi 




1 A 70-1- 1 

lU. /Uziz U. ID 


70 01 -1- 90 17 
/ o.Dlziz ZD. 1 / 


'?s-i-0 0^; 

D. J JZlZD.DD 


SO-l-0 90 
D.oDzlzD.ZD 


7S-I-0 00 
D. / JZCD.DD 


91 7/;-i- 00 

-Zl. /Dzlz D.DD 








1 A 7Q-I- A 1 S 


1 1 1 00-1- 1 07 
ill .WWZlZ J i .U / 


'^S-l-O C\f\ 
U. J JZZU.UD 


70-1-0 1 f\ 
U. / WZlZU. ID 


77-1-0 00 

yj. / / zcw.ww 


99 1 0-i- 00 

-LL. iWZC \J.\J\j 








1 SS-I- 1 s 

lU.O JZIZ u. 1 J 




D. J JZIZD.DD 


70-1-0 1 fx 

D. / DZIZD. ID 


78-1-0 00 

D. / OZCD.DD 


99 9^-1- 00 

-Z.Z.,Z.JZiZ D.DD 




1 
1 


u.zu 


S S/^-l- 1 A 
o.oOzt 1^.1*4 


9 SS-I- 1 
Z.oozt j.LxJ 


'^S-l-0 OS 
U.J jztU.UJ 


'^0-1-0 1 9 


7A-I-0 1 9 


1 7 Q<-|- OQ 








9.20± 0.13 


3.30± 3.30 


0.35±0.05 


0.60±0.24 


0.92±0.10 


-18.33± 0.07 








8.70± 0.06 


2.94± 0.59 


0.35±0.05 


0.20±0.03 


0.63±0.16 


-17.61±0.12 


24684 


2 


0.04 


10.48± 0.31 


O.OOzb 0.00 


0.30±0.40 


3.00±0.00 


2.47±0.13 


-19.38± 0.06 








10.87±0.12 


3.27±2.42 


0.60±0.20 


3.00±0.00 


2.26±0.10 


-19.51±0.07 








10.93±0.01 


3.78±2.33 


0.75±0.14 


3.00±0.00 


2.60±0.16 


-19.10± 0.07 


24684 


3 


0.32 


7.75±0.03 


0.91±0.18 


0.10±0.05 


0.07±0.01 


0.03±0.18 


-16.91±0.15 








8.76± 0.04 


0.53±0.11 


0.05±0.05 


1.40±0.19 


0.63±0.08 


-17.87± 0.06 








8.05± 0.04 


0.45± 0.09 


0.05±0.05 


0.30±0.02 


0.37±0.17 


-17.21±0.12 


24684 


4 


0.13 


9.37± 0.07 


1.69±0.38 


0.40±0.05 


1.80±0.23 


1.22±0.17 


-17.83±0.11 








9.74± 0.01 


2.43± 0.49 


0.40±0.05 


3.00±0.05 


1.27±0.10 


-18.31±0.08 








9.37±0.01 


1.19± 0.24 


0.35±0.05 


2.60±0.09 


1.17±0.19 


-17.74± 0.13 


24684 


5 


0.31 


8.63± 0.02 


1.70±0.34 


0.35±0.05 


0.30±0.03 


0.71±0.18 


-17.28±0.13 








9.20± 0.04 


2.23±0.61 


0.35±0.05 


0.90±0.09 


0.97±0.11 


-18.00± 0.06 








8.72± 0.04 


0.94± 0.49 


0.30±0.05 


0.70±0.14 


0.83±0.24 


-17.15±0.15 


24684 


D 




11.01±0.09 


12.58± 5.73 


0.25±0.12 


2.20±0.17 


1.36±0.01 


-21.71±0.00 



-49- 



Table 2 - continued 



IDl ID 2 d Mstar SFR E(B-V) age U-V Mv 



Galaxy Clump logCMg) Mgyr"! Gyr 









1 1 (\f\-\- n m 




M 9fl-l-fl 1 Q 

u.zumu. 1 J 


9 40+0 1 T. 
z.M-umu. I J 


1 ^6-1-0 00 


91 09+ 00 
-zi.yzm u.uu 








111 fi-i- n no 
1 1 . lum yj.yjy 


1 1 .oDzC \j.Dy 


fl 9fl-l-fl 1 ^ 
u.zumu. Lj 


9 40+0 1 ^ 
z.M-umu.i J 


1 'J7-I-0 00 
L.J / ZCU.UU 


99 ni + 00 
-zz. uim u.uu 




1 
1 


n 99 




L i .OZzt ^.jL 


M '^M-l-M M^ 
U. jUitU.UJ 


OQ+0 00 


'^O-l-O 1 R 
KJ.jKJzizKJ. io 


1 Q fi.(\Jr- 19 

-ly.oum u.iz 










J 1 .OH- It / .H- / 


M '?^+M M^ 


M^^+M M9 

u.uomu.uz 


'^Q-l-0 1 ^ 


in OC+ M 19 

-ly.oom u. iz 








y.zi ± u.uu 


1 O oc_|_ o nn 


M 'iM-l-M M^ 
U.jUztU.Uj 


M 1 M-i-M MM 
U. lUmU.UU 


O '2<-l-0 1 Q 


1 Q SM+ MIA 

-ly.jum u.io 


94Q1Q 


9 


yj.yj I 


q QQ-i- n 0^ 
y.yyzLL 




ri 4fi+fl fl5 
u.T^uznu.uj 


4fi+0 0^ 


Q^-kO 1 S 


-90 9fi+ 19 
zu.zunz u. iz 








1 fl flfi-l- fl fl^ 


1.^ (\A-\- 7 01 

J)J.U'H-ZlZ / .Ui 


n 40-1-0 OS 


40+0 0^ 
u.Humu.uj? 


QO-l-0 1 9 


90 49+ 10 








Q 7^>-l- fl flfl 
y, 1 om u.uu 




40-1-0 OS 

u.M-umu.uj 


^0+0 00 
u.jjumu.uu 


Q1 -UO 90 


1 Q 09+ ^fl 
- ly .yzm u. lo 


9zlQ1 Q 




n 9*^ 


Q ^fl-L fl flS 

y.juin u.uo 




SS-I-O OS 
u. J jmu.uj 


Ofi+O 09 
u.uomu.uz 


76-1-0 1 S 


1 q 0^+ 1 S 
- ly .ujm u. 1 J 








Q ^ifl-l- fl fl4 


9'2 /^'2_|_ 7'2 


4S-I-0 OS 
u.H-jmu.uj 


90+0 09 
u.zumu. uz 


7^-1-0 1 


1 Q 47+ oil 








Q 9A-I- fl M9 

y.zuin u.uz 




M SO-l-0 OS 
u. juinu.uj 


08+0 00 


70-1-0 0^ 
yj. 1 wzizu.z J 


1 c qi + 1 7 
-io.yim u.i / 


9zlQl Q 
A^ry Vy 


/I 


fl 9S 


Q fiQ-l- fl flfl 

y.oym u.uu 


/IQ/l 9 1 -U QS C/l 


M QS-I-O OS 

u.yjinu.uj 


01 +0 00 
u.uimu.uu 


1 07-1-0 16 


iq 9<;+ 14 
-iy.zom u.it- 








1 n fi9-i- fl fi9 
lu.uzm u.uz 


H-Zr.lZrZlZ O.H-Zr 


fiO-l-0 OS 
u.Dumu.uj 


fl '?0+0 0^ 
u.jumu.uj 


Q7-I-0 1 
yj.y 1 znxj.LD 


1 q ^;q+ fl fiQ 
-ly.Dom u.uy 








Q 79_|- n flfl 
y. / Z3Z u.uu 




1 00+0 OS 
1 .uumu.uj 


01 +0 00 
u.ui mu.uu 


1 OA -1-0 9^ 


1 Q Ofi+ 1 Q 
ly.uom u.iy 


24919 


5 


0.33 


^ .Zj 1 _1_ V/ . V/ 1 


7.46ib 1.49 


M ^S+M MS 


10+0 03 

\J . -i—\J .\J ^ 


Sfi+0 20 

V/ . »y VJ _1_ V/ . Z. V/ 


.10 7f:+ 17 








Q 4.S+ fl 04. 


1 1 79_L 9 94. 




10+0 OS 
u. jumu.uj 


Al+0 14 
u.u J mu. iT^ 


_1Q ao-k 19 








Q nQ+ fl flfl 


7 99-1- 1 44 




90+0 00 
u.zu mu.uu 


fiO+0 10 
u.uumu. ju 


_i Q C7_|_ 9S 


94.Q1Q 
z^T-? 1 y 


u 




1 M Q9+ M 0^ 


97-k 66 




10+0 OS 
u. jumu.uj 


74+0 00 
u. / T^mu.uu 


_99 00+ 00 

Z,Z,.Ov/ZC \J .\J\J 








11 M MO 




M 40+0 OS 


10+0 01 


74+0 00 


_91 01+ 00 










Af.!. T,'l-\- Q9 A7 


40+0 OS 
u.T^unzu.uj 


10+0 09 
u. jumu.uz 


74+0 00 
u. / T^mu.uu 


_9Q 1 a+ 00 
zj.unz u.uu 


'yf.nf.'j 

ZDUD / 


1 

1 


n no 


Q fl fl7 

y . J jm u.u / 


9^ S7-I- 7 7q 
Zj.J 1 zii 1 ,jy 


90+0 OS 
U.zumu. uj 


fiO+0 1 
u.Dumu. lu 


SS+0 14 
u. J jmu. 1^ 


1 Q 44+ Oil 

- ly .T-T-m u. 1 1 










Q 97+ 1 fiS 


90+0 OS 


40+0 01 
u.T-umu.uj) 


Sfi+0 14 

U. JOmU. It- 


1 q S7+ 1 
-ly.j / m u. iU 








Q 14+ fl fl9 
y.L^zn u.uz 




90+0 OS 
u.zumu. UJ 


10+0 09 
u. jumu.uz 


S9+0 1 S 
u.jzmu. 1 J 


1 Q 1 8+ 1 S 
ly.iom u.u 
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q 07-1- fl fifi 
j?.o / zn u.uu 




40+0 OS 
u.*+umu.u..j 


70+0 1 
u. / umu. lu 


n 81+0 19 
u.o J mu. iz 


_iq S1+ OQ 








y.yj± O.Oo 


10. /1± Z.14 


0.3D±0.0D 


i.OO±0.zO 


O.ol±0.1z 


-iy.6j± 0.10 








9.77± 0.06 


10.50±2.10 


0.40±0.05 


0.70±0.10 


0.85±0.20 


-19.28±0.15 


26067 


D 




10.55± 0.05 


49.82± 9.96 


0.25±0.05 


0.90±0.09 


0.66±0.00 


-21.72± 0.00 








10.61±0.11 


64.39± 12.88 


0.25±0.05 


0.80±0.20 


0.67±0.00 


-21.97±0.00 








10.64±0.11 


68.62± 13.72 


0.25±0.05 


0.80±0.20 


0.67±0.00 


-22.04± 0.00 


27101 


1 


0.06 


9.61±0.05 


2.91±0.58 


0.30±0.05 


1.80±0.20 


1.02±0.10 


-18.81±0.07 








9.63± 0.04 


3.91±0.78 


0.30±0.05 


1.40±0.16 


0.98±0.10 


-18.95±0.06 








9.39± 0.07 


2.58±2.85 


0.30±0.05 


1.20±0.28 


0.99±0.14 


-18.55±0.10 


27101 


2 


0.17 


8.52± 0.01 


5.32± 1.06 


0.30±0.05 


0.07±0.00 


0.50±0.13 


-18.08±0.09 








8.71±0.64 


5.89± 44.74 


0.30±0.05 


0.10±0.09 


0.54±0.09 


-18.35±0.06 








8.58± 0.02 


4.32± 0.86 


0.30±0.05 


O.lOiO.Ol 


0.55±0.14 


-18.01±0.10 


27101 


3 


0.17 


8.06± 0.00 


11.78±2.36 


0.40±0.05 


0.01 ±0.00 


0.10±0.12 


-17.45±0.09 








8.18±0.00 


15.62±3.12 


0.40±0.05 


0.01 ±0.00 


0.26±0.09 


-17.89±0.06 








7.98± 0.00 


9.83± 1.97 


0.40±0.05 


0.01±0.00 


0.10±0.17 


-17.25±0.13 


27101 


4 


0.17 


9.00± 0.07 


0.82±0.21 


0.20±0.05 


1.60±0.28 


0.81±0.16 


-17.83±0.10 



Table 2 - continued 



ID 1 


ID 2 


d 


■'-*-*-star 


SFR 


E(B-V) 




U-V 


Mv 


Galaxy 


Clump 


dproj 
rkron 


log(M0) 


Mgyr-i 




Gyr 












9.14± 0.04 


1.26± 1.11 


0.20±0.05 


1.40±0.27 


0.78±0.08 


-18.16±0.06 








8.77±0.16 


1.21± 1.16 


0.25±0.05 


0.60±0.31 


0.77±0.17 


-17.68±0.13 


27101 


5 


0.27 


8.59±0.07 


0.41 ±0.46 


0.10±0.05 


1.20±0.28 


0.61±0.15 


-17.36±0.10 








8.80± 0.06 


0.89±0.18 


0.15±0.05 


0.90±0.12 


0.64±0.10 


-17.82±0.07 








8.16±0.16 


0.58± 1.30 


0.15±0.05 


0.30±0.18 


0.45±0.21 


-16.95±0.15 


27101 


D 




lO.lOi 0.06 


50.42± 15.87 


0.30±0.05 


0.30±0.05 


0.70±0.01 


-21.19±0.00 








10.21±0.05 


64.68± 17.49 


0.30±0.05 


0.30±0.04 


0.69±0.00 


-21.46±0.00 








10.25±0.03 


70.69± 14.14 


0.30±0.05 


0.30±0.02 


0.70±0.00 


-21.56±0.00 



Table 3: Comparison o9 Derived Properties of Three Galaxies in Our Sample and Elmegreen & Elmegreen 
(2005) 



Galaxy 


ID 


z 


Nclump 


''^S^clump 


Agedisk 


< Mclump > 


fmass 


Mgal 


< SFRclump > 










(Gyr) 


(Gyr) 


IO^Mq 




lOi°M0 


Mgyr-i 


1 


21739 


1.765 


5 


0.12 


0.30 


0.27 


0.16 


0.8 


6.2 




3465+ 


2.4 


11 


0.22 


1.80 


0.87 


0.28 


3.5 


4.5 


2 


22284 


1.767 


3 


0.24 


0.50 


1.25 


0.12 


3.2 


3.9 




3483 


2.2 


12 


0.26 


2.02 


1.31 


0.32 


4.9 


1.0 


3 


27101 


1.570 


5 


0.94 


0.30 


1.18 


0.36 


1.6 


4.3 




6462+ 


2.8 


8 


0.31 


2.82 


1.57 


0.22 


5.7 


0.9 



Note: For each galaxy, the first line shows the data in our work, while the second line shows the data in 
Elmegreen et al. (2005). In this table, we have applied the relations in Sec. 16. II to convert the Chabrier IMF 
to the Salpeter IMF. 



'Numbers stand for ID of clumps in the z-band images of Figure[T] while "D" stands for the diffuse "disk" component. 

^For each clump, properties derived under different background subtraction schemes are listed; global constant background (1st 
line), zero background (2nd line) and local background (3rd line). 



